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ABSTRACT 
The Great Brak temporarily open/closed estuary was subjected to a drought during the spring 
and summer of 2009/2010 resulting in the mouth remaining closed for a prolonged period. 
According to the Great Brak Estuary management programme, the mouth of the estuary had to 
be open for a total of 308 days during spring and summer of 2009/2010, respectively, but was 
closed for almost the entire two years (693 days). The aim of this study was to assess monthly 
changes in the abiotic characteristics (salinity, temperature, oxygen, pH and nutrients) and the 
biotic responses of phytoplankton and macroalgae; identify sources of nutrient input into the 
estuary and determine the response of the salt marsh to water level and salinity changes. The 
results indicated that physico-chemical parameters were similar to that previously recorded 
during the closed mouth condition. However mouth closure combined with elevated nutrient 
concentrations led to a shift from rooted submerged macrophytes to one where either 
microalgae or macroalgae were dominant. Soluble reactive phosphorus concentrations were 
significantly higher in bottom compared with surface waters.  There was a significant negative 
correlation with SRP and dissolved oxygen for the sampling period indicating potential release 
of phosphorus from the sediment during closed mouth conditions.  Microalgal biomass 
increased in response to remineralised nutrients and freshwater pulses. Flagellates were the 
dominant microalgal group (21718 ± 3336 cells m l-1, p < 0.05) because of their morphological 
ability to migrate vertically within the water column. The macroalgal cover was highest during 
the closed mouth state but only during winter (August 2010) when temperatures were below 20 
oC. Five major point sources of nutrient input into the Great Brak Estuary were identified during 
rainfall periods. Point sources 4 and 5 in the upper reaches of the estuary had the highest DIN 
input whereas point source 3 in the middle reaches of the estuary had the highest DIP input. As 
a result of the drought and low water level, the salt marsh was never inundated for longer than 3 
months. Die-back of Sarcocornia decumbens (r 2= -0.62, p < 0.05) was related to smothering by 
dead macroalgae whereas dieback of Sporobolus virginicus was related to decreasing nutrient 
(r2 = 0.59, p < 0.05) and salinity (r2 = 0.55, p < 0.05) levels. The physico-chemical characteristics 
alone did not convey the true health status of the Great Brak Estuary for the duration of the 
sampling (April 2010-April 2011). The study showed that microalgae and macroalgae are 
valuable indicators of the status of the estuary. Therefore it is suggested that bio-indicators are 
incorporated into the management/monitoring plan in order to assist in improving the health 
assessment of the Great Brak Estuary. 
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CHAPTER 1: INTRODUCTION 
Of all the South African estuaries, approximately 70 % are classified as temporarily open/closed 
estuaries (TOCEs). These systems are characterised by a sandbar at the mouth of the estuary 
which separates it from the marine environment for varying periods of time, mainly in response 
to the magnitude of river inflow (Whitfield, 1992). Similar estuaries are also found in other parts 
of the world, including South America (Bonilla et al., 2005), North America (Elwany et al., 2003), 
the Mediterranean (Largier et al., 1997), the southeastern and southwestern coasts of Australia, 
New Zealand (Haines and Thom, 2007) and the southeastern coasts of India and Sri Lanka 
(Ranasinghe and  Pattiaratchi, 2003). TOCEs are also referred to as Intermittently Closed and 
Open Lakes and Lagoons (ICOLLs), a term mainly used in Australia (Haines and Thom, 2007), 
bar built estuaries, perched estuaries or blind estuaries (Tagliapietra et al., 2009, Perissinotto et 
al., 2010).  
Estuarine hydrodynamics are fundamentally responsible for the constant fluctuating conditions 
typical of TOCEs. During periods of low or no river inflow (dry season) in combination with high 
wave action and marine sediment movement, the mouth of TOCEs tend to close (Whitfield, 
1992). Natural breaching of the sandbar occurs during flood events or when the water level 
exceeds the height of the sandbar due to high rainfall and river inflow. Immediately after mouth 
breaching, freshwater conditions prevail throughout the system followed by tidal exchange with 
the marine environment. However, due to the longshore movement of sand in the surf zone, 
formation of the sandbar is initiated and ultimately closes the estuary off to the sea within a few 
weeks, depending on the magnitude of river inflow. Characterised by a fairly well mixed water 
column, the physico-chemical variables of TOCEs tend to display limited horizontal and vertical 
stratification. This is mainly attributed to the typical small catchment which limits freshwater 
inflow into the estuary in addition to strong coastal winds which facilitate mixing of the entire 
water column (Thomas et al., 2005; Snow and Taljaard, 2007; Froneman and Henninger, 2009). 
Consequently, TOCEs display great variations in their physico-chemical characteristics due to 
the exchange of freshwater with the marine environment (Snow and Taljaard, 2007; Riddin and 
Adams, 2009).  
In response to changing mouth states, the water depth, salinity and nutrient concentrations 
inside the estuary fluctuate accordingly. However, alterations to natural nutrient concentrations 
are of particular concern. Urbanisation has been identified as one of the main causes 
significantly increasing nutrient levels in estuaries, often creating hyper-nutrification and 
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eutrophic conditions (Thomas et al., 2005). Eutrophication in these types of estuaries has led to 
macroalgal blooms (Hopkins and Curdies Estuaries in southwest Victoria, Gippsland lakes in 
eastern Victoria and the Pearl-Harvey systems in Western Australia [Deeley and Paling, 1999;  
Barton and Sherwood, 2004] and Vassova lagoon in Greece [Orfanidis et al., 2005] and 
phytoplankton blooms (Mhlanga Estuary in South Africa [Lawrie et al., 2010]; The Gulf of Kalloni 
in Greece [Spatharis et al., 2007] and Lake Ellesmere in New Zealand [Schallenberg et al., 
2010]). 
The Great Brak Estuary is classified as a TOCE and is an important system for biodiversity 
conservation (DWA, 2009). In 1989 the Wolwedans Dam was constructed 3 km upstream of the 
tidal head of the estuary. River inflow has since been reduced which led to extended closed 
mouth conditions. In response, a management plan was developed to maintain open mouth 
conditions during spring and summer of every year (Slinger et al., 2005; CSIR, 2008). The 
management plan was designed to imitate the natural functioning of the system as far as 
possible and mainly involves a spring/summer (September [previous year] to April) release of 
water from the dam as well as artificial breaching of the mouth in order to simulate the role of 
flooding to scour the mouth open (Slinger et al., 2005; James and Harrison, 2008; DWA, 2009). 
In November 2009, the region was declared drought stricken and, as a result, no water releases 
were permitted from the Wolwedans Dam in 2010. In June 2010, the height of the sandbar 
reached an exceptionally high level relative to historical data, varying between 3.4 and 4.2 m 
above mean sea level (MSL) (CSIR, 2010). On the 1st of February 2011, the mouth of the Great 
Brak Estuary was artificially breached for the first time in almost two years following rainfall 
within the catchment. However, due to low river inflow following this breaching event in 
combination with longshore sediment transport in the surf zone, the sandbar developed within 
two weeks and closed the estuary off to the sea. Besides this brief open state, the mouth 
remained closed for the entire sampling period (April 2010-April 2011). 
Long-term monitoring of the Great Brak Estuary has taken place since 1989. This mainly 
includes monitoring of salt marsh along two permanent transects in the lower reaches of the 
estuary since these plants are sensitive to inundation as a result of high water level and closed 
mouth conditions. This study investigated the salt marsh as well as the macroalgae which occur 
in the main channel of the estuary.  Macroalgal blooms occur during closed mouth conditions 
and are regarded as a problem because of their dense cover. Very little research has, however, 
been conducted on the microalgae of this estuary and therefore this study investigated this 
component as well. Water column chlorophyll a was measured as an a indicator of 
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phytoplankton biomass and the density of different phytoplankton groups was used as an 
indicator of water quality characteristics.  The response of the salt marsh, macroalgae and 
microalgae were investigated simultaneously to identify which primary producers were the best 
indicator of the health of the estuary. 
In summary the objective of this study was to identify which of the primary producers were most 
appropriate as indicators of the health of the Great Brak Estuary. This was investigated by 
assessing the monthly changes in the abiotic characteristics (salinity, temperature, oxygen, pH 
and nutrients); recording the biotic responses of phytoplankton and macroalgae; identifying 
point sources as sites of nutrient input into the estuary and determining the response of the salt 
marsh to water level and salinity changes.  
The research tested the following hypotheses: 
 Microalgal biomass will increase in response to nutrient input from freshwater pulses. 
After a freshwater pulse there will be an increase in the richness of microalgal groups. 
 Point source inputs of nutrients to the Great Brak Estuary can be identified during rainfall 
periods. 
 Macroalgal cover and biomass will be highest during closed mouth conditions, when 
temperature is higher than 20oC. 
 Salt marsh will die-back after three months of inundation in response to a high water 
level (> 1.3 m). Once exposed again, salt marsh cover will recover within the same time 
period i.e. three months. 
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CHAPTER 2: LITERATURE REVIEW  
 
2.1 Ecological indicators 
Environmental pressure on downstream estuarine and coastal ecosystems has increased 
significantly because of development (agriculture and aquaculture activities, expansion of 
urbanization and industry) in and around the coastal catchments (Bouvy et al., 2010).  Estuarine 
ecosystems are regarded as some of the most biologically productive and ecologically 
important ecosystems that are of great value to the human society (Turpie et al., 2006; Elsdon 
et al., 2009). However, estuaries are also regarded as the most threatened ecosystems (Deluca 
et al., 2008) because many are subjected to increasing anthropogenic activities resulting in a 
decline in water quality and increase in eutrophication (Bouvy et al., 2010). Fortunately, 
degradation can often be traced to stressors arising from human development even if a variety 
of factors may be compromising the estuary‟s structure and function (Deluca et al., 2008). 
Therefore, monitoring key elements over an extended time period (> 5 years) are an integral 
part of management. Long-term monitoring will assist in outlining long-term trends and the 
identification of cause-effect relationships that can be investigated through goal-directed 
research. The information on which management decisions are based is obtained through 
collecting quantitative and qualitative data on a regular basis on key elements and processes. 
Applicable and accurate data will greatly enhance the management decision. Therefore 
indicators are central to the process of monitoring because they represent quantifiable tools 
used to collect and focus information (McGwynne and Adams, 2004).  
 
An ecological indicator can be defined as a part or measure of an important ecological 
occurrence used to describe or assess the environmental conditions or changes to set 
environmental goals. Environmental indicators that would be effective enough to detect 
ecosystem changes would be indicators sensitive to all stresses placed on the ecosystem by 
population growth but which are resilient to natural deviations in the physical and biological 
environments (Heink and Kowarik, 2010). The selection of the appropriate ecological indictors is 
therefore of fundamental importance. Bioindicators are often preferred above physico-chemical 
indicators because they are a direct measurement of the pollution effects in organisms which is 
predominantly the primary goal when assessing the effect of pollutants (Bermejo et al., 2011). 
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Often the long-term effects of pollutants in benthic communities may be indicated by the bio-
indicator especially when the benthic communities cannot be measured or when they have 
disappeared from the environment. The disadvantage with a direct survey of contaminants in 
water samples is that water samples need to be repeated on a regular basis because of the 
continuous movement of the waters and the fluctuations in the contaminate levels whereas 
through the use of bio-indicators this weakness is avoided. Bio-indicators provide a more 
quantitative assessment of the environmental quality compared to physico-chemical indicators 
(Bermejo et al., 2011). 
 
Macroalgal communities are a useful tool to detect changes in water quality (Bermejo et al., 
2011). High concentrations of nitrogen or phosphorus in the water column do not always 
indicate eutrophication. Similarly, low concentrations of nitrogen and phosphorus in the water 
column do not always indicate the absence of eutrophication. This is because the nutrient 
concentration in the water column is not only associated with the nutrient load but also 
associated with other biological and chemical processes (Cloern, 2001; Orfanidis et al., 2001). 
The replacement of late-successional, perennial macroalgae or submerged macrophytes by 
opportunistic species is a reliable signal of eutrophication (Orfanidis et al., 2001; Orfanidis et al., 
2003). According to Bricker et al., (2008), the first stage of water quality degradation associated 
with eutrophication is the presence of chlorophyll a (measurement of phytoplankton biomass 
and abundance) and macroalgae at high levels. Low dissolved oxygen levels, loss of 
submerged macrophytes and the occurrence of harmful algal blooms represent the more 
serious impacts following the aforementioned first stage (Bricker et al., 2008).  
 
Submerged macrophytes communities are also commonly used as indicators because their 
health is related to the prevailing environmental conditions i.e. the submerged macrophyte 
communities are the product of their environment (Scanes et al., 2007). Pristine estuaries are 
dominated by extensive meadows of submerged rooted macrophytes because according to a 
general model it is assumed that these species take advantage of the nutrient supply from the 
sediment in nutrient poor environments. A hypothetical model describing the relationship 
between submerged rooted macrophytes, macroalgae and phytoplankton, external nutrient load 
and water exchange time suggested that at low nutrient levels, shallow coastal bays will be 
dominated by submerged rooted macrophytes (Austoni et al., 2007; Viaroli et al., 2008).  
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However, if the external nutrient load increases above a given threshold, depending on the 
water residence time and depth of the bay, the bay will shift from the submerged rooted 
macrophyte state to either a filamentous macroalgal or phytoplankton bloom state. The 
submerged rooted macrophytes will collapse if the shading by the macroalgal blooms becomes 
too high resulting in a dominance of the phytoplankton blooms (Dahlgren and Kautsky, 2004).   
Estuaries shift between alternate stable states from rooted submerged macrophytes to 
macroalgal or phytoplankton communities indicative of eutrophication (Orfanidis et al., 2001; 
Orfanidis et al., 2003; Orfanidis et al., 2005; Collie et al., 2004 ; Dencheva, 2008;  Viaroli et al., 
2008).    
 
Phytoplankton serve as sensitive and important indicators for detecting ecological change of 
individual estuaries, because of their fast growth rates and response to a wide range of 
environmental perturbations (Bouvy et al., 2010; Paerl et al., 2010) and their numerous 
physiological adaptations that allow them to exploit nutrients differentially (Heisler et al.,  2008). 
Different species groups favour specific nutrient regimes which include ratio of nutrients and the 
form it resides in. Diatoms, for example, need silicon for their growth. Dinoflagellates on the 
other hand have a higher phosphorus requirement than some other species groups. According 
to the nutrient ratio hypothesis, if nutrient concentrations change resulting in an enrichment of 
phosphorus relative to silicon, a shift away from a diatom-dominated community toward 
flagellates may occur (Heisler et al., 2008). Therefore phytoplankton composition and diversity 
is a common indicator of eutrophication (McQuatters-Gollop et al., 2009), because changes in 
the phytoplankton biomass (Shen et al., 2011) and activity often come first before the larger-
scale, longer-term changes in the ecosystem structure and functioning which include shifts in 
nutrient cycles, food webs and fisheries (Paerl et al., 2010). Phytoplankton communities have 
been used widely as rapid assessment tools for research and management such as for 
example in the Great Lakes (Fishman et al., 2010). Insight into the health of an aquatic 
ecosystem can be gained by monitoring the community composition and relative abundance of 
phytoplankton together with nutrients and other environmental parameters (Ohrel and Register, 
2006). Ultimately, bioindicators need to provide elaborate information to the different policy-
makers, decision-makers and the general public about progress towards meeting the goals 
(Van Strien et al., 2009). However, effective monitoring programmes consisting of good science 
alone is not enough. It is also necessary to translate the results from good science into a form 
that policymakers and resource managers can understand and use. 
7 
 
 An adaptive monitoring approach can also be incorporated into the overall monitoring 
framework because it allows questions to change or new questions to be included and new 
protocols to be applied (i.e. new technology which will improve the quality of the field work). The 
different forms of long-term ecological monitoring will form the most important part of evidence 
based environmental decision-making and ultimately determine the effectiveness of 
management interventions (Lindenmayer and Likens, 2010).  
 
2.2 Estuary goods and services 
Estuarine ecosystems are regarded as some of the most biologically productive and 
ecologically important systems of great value to the human society (Turpie et al., 2006; Elsdon 
et al., 2009). This characteristic richness and high productivity is due to nutrient and the 
sediment inputs received from both the river and sea water combined, coupled with the 
relatively sheltered habitat that estuaries provide (Turpie, 2007). Estuaries are widely regarded 
as critical in terms of their contribution to marine fish and invertebrate stocks (Cooper, 2001). 
The economical value estuaries contribute in terms of both estuarine fisheries and inshore 
marine fisheries are quite significant. Commercial catches are substantial within estuaries as 
well as in the marine environment. However, recreational fishing contributes the most value to 
the economy, with 22 times as many participants and realising a value more than 100 times 
greater per kilogram of fish caught (Lamberth, 2007).  
The significant value of estuaries is reflected in the vast amount of ecosystem goods and 
services that they provide (Turpie et al., 2006). According to Daily et al., (1997), ecosystem 
services can be defined as an array of conditions and processes through which natural 
ecosystems, and the species that form part of them, help sustain and fulfill the existence of 
man. Ecosystem goods on the other hand refer to organisms and their parts and products that 
occur in the natural world, which are directly used to the advantage of humankind (Daily et al., 
1997). Estuarine goods and services are similar to any other goods and services in that they 
can be purchased but differ only in that they are generated through the functioning of the 
estuary ecosystem.  
Ecosystem goods and services (Table 2.1) can be utilised directly (e.g. food, raw materials, 
recreational opportunities, aesthetic worth and cultural values), indirectly (e.g. climate regulation 
on a global scale to water supply on local and regional scales) or they can be left as an option 
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for future use. However, only a few of these services are purchased even though they are 
heavily utilised (Turpie et al., 2006; Van Niekerk, 2007).   
 
Table 2.1: Ecosystem goods and services a) direct use and b) indirect use provided by 
estuarine ecosystems (adapted from DWAF, 2004). 
 
Goods and Services Examples 
Direct use 
Living resources for food (or 
resale) 
Line fishing, harvesting of inter-tidal invertebrates, 
beach and seine netting. 
Raw material for subsistence use  Harvesting of craftwork and house-building 
materials. 
Nature appreciation Providing access to estuaries and associated 
wildlife for viewing and walking 
Scenic views Resort, residential houses, housing complexes and 
offices with scenic views, increasing value of 
properties with sea views. 
Culture  Aesthetic, educational, research, spiritual, intrinsic 
and scientific values  
Sports fishing Fly-fishing, estuary and inshore conventional fishing 
Water sports Water sports: swimming, sailing, canoeing, skiing 
and kayaking. 
Mariculture (e.g. oysters, bait, 
etc.) 
Production (natural and cultivated) of fish, 
crustaceans and worms. 
Commercial food production Fishing (not permitted in South African estuaries). 
Raw material for commercial use  Diamond and titanium mining, sand winning and 
salt production. 
Transport services Ports, harbours, marinas and skiboat launching 
sites. 
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The popularity of an estuarine ecosystem is dependent on physical characteristics, water 
quality, aesthetic value and the biological component of the system. Due to the geographical 
location and setting of an estuary, these systems are, for the most part, protected from harsh 
wind and wave action therefore providing recreational opportunities for end users. Some 
estuaries are more vulnerable than others and less able to withstand human impacts without 
the affects of long-term degradation (Theron, 2007). It is therefore important to balance the 
exploitation of estuaries with their ability to deliver ecosystem goods and services. Estuarine 
ecosystem goods and services are finite and, if not managed properly, human demands can 
exceed the ability of an estuary to produce these goods and services.  
Indirect use 
Biological control Maintaining the balance and diversity of plants and 
animals. 
Refugia/Migratory corridors Fish and crustacean nurseries and roosts for 
residential and migratory bird species. 
Sediment supply Creation and maintenance of beaches, sand bars 
and sand banks 
Erosion control  Soil retention by estuary vegetation, and trapping 
soil in reed beds and mangroves. 
Soil formation Accumulation of sediment and organic material on 
floodplains and in mangroves, beach replenishment 
Nutrient supply and cycling Nutrient supply, nitrogen fixation and nutrient 
cycling through food chains. 
Genetic resources Genes for mariculture, ornamental and fibre-
producing species. 
Disturbance regulation Flood control, drought recovery and refuges from 
natural and human induced catastrophic events 
(e.g. oil spills). 
Waste treatment Breaking down of waste and detoxifying pollution. 
Water supply and regulation Freshwater supply to marine environment and water 
for mariculture. 
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The consequences of mismanagement can result in the reduction of future social and economic 
benefits (Wood et al., 2004; Van Niekerk, 2007). Demand should either be equal to or less than 
the supply to ensure that the estuary continually supplies these goods and services in a 
sustainable manner. However, this should not be interpreted as a constraint to economic 
development, but rather as a possible opportunity to diversify the local economy. Therefore, by 
focusing on an array of complementary and sustainable uses, optimal benefits can be obtained 
for the majority of the community even if the estuary is considered small relative to the society it 
needs to sustain (Van Niekerk, 2007).   
The Great Brak Estuary is an important system for biodiversity as it supports intertidal habitats 
such as salt marsh and Zostera capensis beds (Wortmann et al., 1998; DWAF, 2008a). The 
estuary is listed 26th in South Africa in terms of its botanical importance because seven of the 
nine plant community types occur here (Colloty et al., 2001). The plant communities that are 
absent from this system are the subtropical swamp forest and mangroves (DWAF, 2008a). 
Aquatic plants play a very important role in the ecosystem as their growth and decomposition 
influences biotic and abiotic components in the ecosystem, as well as providing habitat for 
fauna due to its physical structure in the littoral zone (Wortmann et al., 1998). The fish 
assemblages of the Great Brak Estuary reflect a high degree of endemism, which is typical of 
fish inhabiting the cool and warm temperate coasts of South Africa. In 2009, 33 fish species 
from 21 families were recorded. This was regarded as fairly high compared to other temporarily 
open/closed estuaries in the region (Lamberth, 2009). According to Lamberth (2009), 24 (or 70 
%) of the fish recorded in the Great Brak Estuary are endemic to southern Africa, while twelve 
are endemic to South Africa. The total landed catch from the estuary was estimated at 
approximately 3.1 tons per annum. Of the 3.1 tons, two tons was attributed to recreational 
fishing whereas the remaining one ton was attributed to illegal gillnetting (DWA, 2009).  
The estuary is not a very high priority estuary for the biodiversity conservation of birds and was 
ranked 135 out of 258 estuaries in terms of its avifauna. Important populations of red data 
species are absent. However, small groups of African Black Oystercatcher do occur regularly in 
the estuary. Situated in the upper reaches of the estuary is a heronry. This breeding colony 
contains mainly White-breasted Cormorants, Reed Cormorants and Blackheaded Herons. The 
heronry may have moved from the Klein-Brak Estuary, although it has been situated in the 
upper reaches of the Great Brak Estuary for a couple of decades now (Turpie, 2009). Details on 
other biota of the Great Brak Estuary can be found in Wooldridge (2009).   
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In terms of its conservation importance, the estuary was ranked 47 out of 258 South African 
estuaries (Turpie and Clark, 2007). The estuary received a high score for size, habitat diversity 
and biodiversity conservation. 
 
2.3 Classification of estuaries 
The South African coastline is approximately 3 400 km long, extending from the Orange River 
mouth (28o38‟S; 16o27‟E) along the west coast to Kosi Bay (26o 54‟S; 32o48‟E) along the east 
coast (Harrison, 2004). Three main biogeographic regions are recognized along the southern 
African coast, namely the subtropical region on the south-east coast, the warm temperate 
region on the south coast and the cool temperate region on the west coast (Schumann et al., 
1999). Different classes of estuaries are distributed in the three biogeographical regions. 
According to the National Water Act (No. 36 of 1998) an estuary is defined:” as a partially or 
fully enclosed water body that is open to the sea permanently or periodically, and within which 
the seawater can be diluted, to an extent that is measurable, with freshwater drained from 
land”(DWAF, 2008b). There are over 250 functional estuaries, which all together cover a total 
area of approximately 70 000 ha (Turpie et al., 2006). These estuaries are, for the most part, 
microtidal systems that are highly dynamic and shallow ranging in depths from approximately 2 
to 3 m. It has been estimated that approximately 90 % of these systems have restricted inlets 
and as many as 75 % close for varying periods of time. Closure is due to the formation of a 
sandbar at the mouth as a result of strong wave action and high sediment loads. The shape of 
an estuary is determined primarily by the nature of the estuarine basin, the amount of rainfall 
and the size and gradient of the catchment (Cooper, 2001). Other factors, such as fluvial 
sediment supply, marine sediment availability, as well as estuarine water currents and wave 
action continually influence and modify the shape and depth of the system (Cooper, 2001). The 
estuarine classification system includes five main types, namely permanently open estuaries, 
temporarily open/closed estuaries, river mouths, estuarine lakes and estuarine bays (Whitfield, 
1992).  
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2.4 The Great Brak Estuary 
The Great Brak is a temporarily open/closed estuary (TOCE) and is located 24 km to the east of 
Mossel Bay on the southern Cape coast of South Africa (Wortmann et al. 1998; DWAF, 2008a; 
Adams, 2008; DWA, 2009). It is therefore situated in the warm temperate biogeographical 
region of the country (DWAF, 2004). The Great Brak River is approximately 28.5 km in length, 
arises on the slopes of the Engelsberg in the Outeniqua Mountain range and drains a forest 
catchment area of 192 km2 (DWAF, 2007; James and Harrison, 2008; DWA, 2009). The 
Perdebergrivier, Tweeriviere and Varingsrivier are the main tributaries of the system. The 
surrounding vegetation is mainly comprised of Coastal Topical Forest, South Coast 
Renosterveld, Sandstone and Lowland Fynbos, with the latter being responsible for the typical 
peat coloured and humic stained water (Davies and Day, 1998). The catchment area receives 
relatively equal quantities of precipitation throughout the year, with minor peaks in spring and 
autumn. In addition, the region is subjected to droughts and occasional flooding. The recorded 
annual run-off varies from as little as 4.3 x 106 m3 to as great as 44.5 x 106 m3 (DWA, 2009). 
Two dams are situated in the catchment of Great Brak, the Ernest Robertson Dam and the 
Wolwedans Dam. 
The estuary is approximately 6.2 km long and meanders through a broad floodplain widening 
near the coast before discharging into the sea (James and Harrison, 2008; DWA, 2009) (Figure 
2.1). It has a high-tide area of 0.6 km2 and a tidal prism of 0.3 x 106 m3 (DWAF, 2008a; DWA, 
2009). The mouth of the estuary is surrounded by a low rocky headland on the east and a sand-
spit to the west. The lagoon basin, situated inland of the mouth into which the estuary widens, 
contains a permanent island of about 400 x 250 m2 in extent with residential development. A 
small bridge on the northern shore of the island connects it with the mainland. The small bridge 
obstructs flow in the northern channel and may also obstruct flow if debris is deposited against it 
during flood events (DWAF, 2008a). The depth of the estuary varies according to the length of 
the system. The lower reach of the estuary is shallow (0.5 to 1.2 m deep), with a few deeper 
areas due to scouring near the rocky cliffs and the bridges. The middle and upper reaches of 
the estuary are less than 2 m deep, with a few deeper areas located between 2 and 4 km from 
the estuary mouth that vary between 3 and 4 m deep (Adams, 2008).  
 
13 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1: Location map (adapted from Grobler, 2009) and aerial photograph (source: 
Google Earth, 2011) of the Great Brak Estuary. 
Due to the dynamic nature of estuarine systems, three geographical boundaries have been 
defined (DWAF, 2008a). These include the seaward boundary, the upper boundary and the 
lateral boundaries. The seaward boundary includes the mouth of the estuary. However, some 
estuaries frequently expand to the near shore marine environment creating the need to redefine 
this boundary. The lateral boundary includes the extent of the tidal influence. In other words, it 
either includes the point up to which tidal variation in water level is detected or the extent of 
saline intrusion, whichever is detected further upstream. The lateral boundaries include the 5 m 
above mean sea level (AMSL) contour along the banks of the estuary (CSIR, 2009). Figure 2.2 
shows the geographical boundaries for the Great Brak Estuary i.e. the downstream boundary 
that is the estuary mouth (34°03„23”S; 22°14‟18”E); the upstream boundary that is the extent of 
tidal influence approximately 6.2 km from the mouth (34°01‟43” S; 22°13‟23”E) and the lateral 
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boundaries that is the 5 m contour above Mean Sea Level (MSL) along each bank (DWA, 
2009). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.2: The boundaries of the Great Brak Estuary (DWA, 2009). 
 
2.5 Physical components 
2.5.1 Water flow and the nature of sediment 
Estuaries are naturally complex as they receive water from both the freshwater and marine 
environment (Harrison, 2004; CSIR, 2009). The tidal patterns together with the climate, 
geomorphology, and fluvial patterns, result in the estuaries being extremely variable (Harrison, 
2004). Consequently these systems are affected by the biochemical variations between 
freshwater and sea water as there is noticeable difference in terms of the system variables (e.g. 
salinity, temperatures, oxygen levels, pH and suspended solids) and nutrients (e.g. nitrate, 
ammonium, phosphate) of each water source (Taljaard et al., 2003; CSIR, 2009). At any point 
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in time, the water quality characteristics are dependent on the extent of the marine or the 
freshwater influence at that point along the length of the estuary. It all depends, however, on the 
quantity of river water entering the estuary during that period, and also the state of the tide 
(Taljaard et al., 2003). However, freshwater flow is the most prominent feature of estuaries 
(Schlacher and Wooldridge, 1996; Kimmer, 2002) as the variability in freshwater flow is 
responsible for the seasonal and interannual variability in estuaries (Kimmer, 2002). This is 
because river inflow patterns indicate a strong relationship with important hydrodynamic 
(physical, chemical and biological) (Alber, 2002; Kimmer, 2002; Richter et al., 2003; DWAF, 
2008b) and sediment characteristics (DWAF, 2008b). For example, river inflow determines the 
extent of saltwater intrusion in permanently open estuaries and it determines if the mouth will be 
open to the sea in temporarily open/closed estuaries (Schumann and Pearce, 1997). 
The water quality characteristics in estuaries are influenced by the hydrodynamics, water 
circulation patterns and factors such as the quality of the inflowing river water. The run-off 
patterns predominately determine the water circulation patterns. Run-off of estuaries with small 
cacthments is deliverd as short-lived high energy events followed by long dry periods. This 
influcences the estuary‟s flushing mechanisms and flushing time that in turn influences the 
estuary‟s water quality processes. Therefore, the nutrients in estuaries characterised by a 
rapidly-flushed system tend to behave conservatively in comparison to estuaries with longer 
flushing times where internal processes (such as sorbtion-desorption processes, 
nitrification/denitrification, mineralisation) have a much larger effect on the nutrient cycling in 
these systems (Snow and Taljaard, 2007).  
The dynamics of water and sediment movement are closely linked (McGwynne and Adams, 
2004). The sediment supplied by the catchment to the estuary is transported downstream by 
the river flow (McGwynne and Adams, 2004) whereas the marine sediment is primarily 
transported in or out of the system unevenly over a tidal cycle (Bate et al., 2002; McGwynne 
and Adams, 2004). The sediment load from the marine environment is predominantly greater on 
the incoming tide as the South African coast is a wave-dominated coast characterised by low 
tidal ranges and high wave energy (Cooper, 2001; Taljaard et al., 2009a). This results in the 
mouth of estuaries to block up with marine sediment (Bate et al., 2002). However, increased 
amounts of sediment are transported into estuaries through anthropogenic activities because 
the waters entering these systems are influenced by the different land-use types (i.e. 
agriculture, urban and industrial) it moves across (Elsdon et al., 2009). This increased supply of 
sediment may have a detrimental impact on the physical and biological properties of the estuary 
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as it may lead to plants being smothered, changes in habitat, changes in particle size and in the 
organic fraction of the sediment, changes in intertidal gradients, changes in estuary depth, 
changes in mouth conditions, clogging of fish gills, smothering of mangrove pneumatophores 
and increased turbidity (Turpie, 2004). Increased fluvial sediment also has an adverse effect on 
the channel dimension of estuaries. This gradual infilling has resulted in the loss of storage 
capacity, smaller water area and encroachment by reeds of many estuaries (Schlacher and 
Wooldridge, 1996).  
The Southern African subcontinent is regarded as a semi-arid region, because its mean annual 
precipitation of 497 mm lies well below the world average of 860 mm (Schlacher and 
Wooldridge, 1996; Allanson, 2001). Runoff and rainfall are erratic on numerous spatial and 
temporal scales. The percentage of rainfall that eventually becomes river flow decreases rapidly 
in the low rainfall areas as a result of high evaporation losses. Therefore in South Africa, 
freshwater is without a doubt the most limited natural resource (Schlacher and Wooldridge, 
1996). However, population growth is occurring at an exponential rate and South Africa is one 
of the most industrialized countries in Africa. Therefore an above average proportion of the total 
water goes towards industrial, urban, and agricultural uses (Adams et al., 2002). The diversion 
of water for agriculture and other uses have altered the amount or timing of freshwater flow to 
many estuaries often resulting in marked changes in the physical, chemical and biological 
conditions and functions of the estuarine ecosystem (Kimmer, 2002; Richter et al., 2003). 
Freshwater abstraction and impoundment in reservoirs and dams upstream seriously threatens 
the normal ecological functioning of estuaries (McGwynne and Adams, 2004).  
In 1989 the large Wolwedans Dam was constructed  3 km upstream of the head of the tidal 
influence of the estuary and has a maximum storage capacity of 23 x 106 m3 (Huizinga, 1995). 
The purpose of the dam is to supply water to the PetroSA refinery at Mossel Bay, on the south 
coast of South Africa, and to service the region‟s domestic and industrial water requirements 
(Huizinga, 1995; Adams, 2008). However, since the commissioning of the Wolwedans Dam, the 
river inflow regime to the estuary has been significantly modified, which has negatively 
impacted both the hydrology of the estuary and the condition of the estuary mouth (Quinn et al., 
1999). The mouth of the estuary usually closes when high waves coincide with periods of low 
river flow (CSIR, 2008). Consequently, an estuary management plan has been developed to 
maintain open mouth conditions during spring and summer.  
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The management plan was designed to imitate the natural function of the system as far as 
possible and involves intermittent release of water from the dam, as well as artificial breaching 
of the mouth in order to simulate the role of flooding i.e. scouring the mouth open when it is 
closed (Slinger et al., 2005; James and Harrison, 2008; DWA, 2009). Artificial breaching is also 
practiced to prevent flooding of low-lying properties along the Great Brak Estuary (DWAF, 
2008a), which requires breaching at approximately 2.0 m MSL. However, naturally the mouth of 
the estuary would have breached between + 3.0 and + 3.5 m MSL, which would have resulted 
in maximum outflow velocities of between 200 and 500 % greater than present. It is therefore 
apparent that, in the past, more sediment would have been flushed than is currently the case 
(DWA, 2009). Mouth dynamics play a critical role in the overall functioning of the estuary 
because mouth opening leads to changes in the physico-chemical environment, which in turn 
causes significant biological responses (CSIR, 2008). Because mouth management was 
identified as a pivotal aspect in maintaining the health of the estuary, a water requirement of 2 x 
106 m3/yr was allocated to the estuary to meet its ecological requirements. The water allocation 
was reviewed in 2000 and was accepted by the Department of Water Affairs and Forestry 
(DWAF) in 2005 as part of the official water-release programme (Table 2.2). However, the water 
allocation was granted under the condition that adequate water was always available in the 
dam. Further, that the water release programme be valid for an interim period only to allow for 
scientific research to inform future management decisions. In addition, the decision could be 
repealed by the DWA, if deemed necessary at a later stage. Therefore, the water-release 
programme was accepted as a flexible guideline based on the assumption that certain months 
may require less water than originally allocated, whereas other months may require more water 
than originally allocated (DWAF, 2008a). 
Table 2.2: The interim water-release programme (in million m³ per month) related to the 
volume of water (%) in the Wolwedans Dam (adapted from DWAF, 2008a). 
 
% in dam Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Tot 
 90% 0.6 0.7 0.7 0.5 0.5 0.5 0.4   0.5  0.6 5.0 
80-90 0.6 0.7 0.7 0.5 0.5 0.3       3.3 
70-80  0.7 0.7 0.5 0.3        2.2 
 70%   0.7 0.3         1.0 
 
According to the Great Brak Ecological Water Requirement Study (DWA, 2009) future run-off 
Scenarios 1 to 9 were evaluated and; based on the results, future run-off scenario nine (Table 
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2.3) was selected as the Ecological Flow Requirement for the Great Brak Estuary in order to 
ensure its health.  
 
Table 2.3: The monthly flow percentiles (in million cubic metres) of Scenario 9 for the 
Great Brak Estuary (adapted from DWA, 2009). 
 OCT NOV DEC JAN FEB MAR APR MAY JUN JUL AUG SEP 
99%ile 8.22 15.91 11.83 11.28 9.00 9.91 10.44 14.07 4.20 4.17 15.77 11.12 
90%ile 4.34 5.83 2.56 1.74 1.79 4.20 3.97 2.44 1.19 0.96 2.38 4.97 
80%ile 2.47 2.95 1.34 0.77 0.81 2.59 1.58 1.03 0.26 0.49 1.29 2.94 
70%ile 1.30 1.52 0.79 0.75 0.75 1.15 0.60 0.16 0.05 0.05 0.65 1.25 
60%ile 0.69 0.80 0.76 0.73 0.72 0.56 0.54 0.04 0.03 0.04 0.64 0.64 
50%ile 0.66 0.76 0.75 0.72 0.71 0.54 0.53 0.03 0.02 0.03 0.63 0.63 
40%ile 0.65 0.75 0.72 0.71 0.71 0.51 0.52 0.02 0.02 0.02 0.62 0.63 
30%ile 0.64 0.73 0.71 0.70 0.70 0.51 0.51 0.01 0.01 0.02 0.62 0.62 
20%ile 0.62 0.72 0.70 0.70 0.70 0.50 0.51 0.01 0.01 0.01 0.61 0.62 
10%ile 0.61 0.71 0.70 0.70 0.70 0.50 0.50 0.01 0.01 0.01 0.61 0.61 
1%ile 0.61 0.70 0.70 0.50 0.47 0.30 0.03 0.00 0.00 0.01 0.02 0.60 
 
2.5.2 Salinity 
Salinity is the measurement of the quantity of dissolved salts in water and expressed in parts 
per thousand (ppt or ‰). Salinity will gradually change along the length of estuaries. This is 
resultant of the freshwater entering the estuary from the tributaries and mixing with the 
seawater moving from the ocean. The different salinity levels within the estuary are referred to 
as oligohaline (0.5-5 ppt), mesohaline (5-18 ppt), or polyhaline (18-30 ppt) whereas the salinity 
level near the mouth of the estuary are the same as the ocean and therefore are referred to as 
euhaline (> 30 ppt) (Ohrel and Register, 2006).  
Estuaries are highly stratified when a distinct layer exists between the freshwater from the river 
and the salt water from the ocean; moderately stratified when the there is mixing of freshwater 
and salt water at all depths but the salinity usually increases towards the estuary‟s mouth and 
vertically mixed when because of strong mixing forces (tides and wind) no layer exists between 
the freshwater and salt water. The latter is generally characteristic of very small estuaries (Ohrel 
and Register, 2006). The interaction between freshwater inflow and the open/closed state of the 
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mouth governs the penetration of the seawater into the estuary. High volumes of freshwater are 
discharged into coastal or estuarine waters during the rainy season months. This lowers or 
dilutes the water. Conversely, in the dry season months, the heat generated by sunlight will 
cause evaporation of the surface water making it saltier and hence more saline (Abowei, 2010). 
Additionally mouth closure, a change in the river flow, droughts and floods, may result in radical 
changes of the salinity gradient within estuaries. 
According to the conceptual model of Snow and Taljaard (2007), in temporarily open/closed 
estuaries the salinity distribution patterns are distinctive for each of the three states i.e. open 
mouth, semi-closed mouth and closed mouth state. Two of the three states are present in the 
Great Brak Estuary, the open mouth and the closed mouth state. The open mouth state in the 
estuary can reside in either the marine-dominated, transition or freshwater dominated state 
(DWA, 2009). 
During the marine-dominated state (salinity > 20 ppt), tidal exchange creates a horizontal 
salinity gradient inside the estuary. Vertical salinity stratification may also be present in the 
middle and upper reaches during periods of low river inflow. The transition state occurs when 
sufficient river inflow creates a distinct freshwater front well downstream of the head of the 
estuary and tidal intrusion prevents the water mass from exiting the estuary. This state usually 
occurs for short periods of time, mainly between the marine-dominated and freshwater-
dominated as well as during freshwater flood pulses (freshets). Salinity gradients may occur in 
the area of the freshwater front and concentrations generally range from > 10 ppt in the upper 
reaches, 10-20 ppt in the middle reaches and > 20 ppt in the lower reaches. The freshwater 
dominated state occurs when freshets and floods prevent seawater intrusion into the estuary 
and thus result in a low salinity, ranging from 0-10 ppt (DWA, 2009). 
The mouth of the Great Brak Estuary closes at 1 MSL. Immediately after closure, limited vertical 
or longitudinal stratification may be present. However, depending on factors such as wind 
mixing, stratification can persist for extended periods. This is especially prevalent in the deeper 
sections of the estuary. The water column of the estuary is likely to become homogenous after 
months of closure. Salinity usually ranges between 25-35 ppt during the closed mouth state 
(DWA, 2009).  
Salinity plays an important role in determining the habitat characteristics of an estuary. 
Variations in the freshwater inflow shift the isohalines. This can, in turn, affect the distribution of 
both rooted macrophytes (Adams et al., 1992) and sessile organisms (Alber, 2002) because 
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organisms inhabiting estuaries have definite salinity tolerance ranges  as well as the different 
stages in the life histories of many of these estuarine organisms have specific salinity 
requirements (Alber, 2002). For example a fish requirement index that relates estuarine fish to 
inflow was developed for the South African estuaries. This was after the longitudinal salinity 
gradient was identified as the single most important factor related to successful recruitment of 
larval and juvenile marine fish in the country‟s estuaries (Whitfield, 1994; Quinn et al., 1999). 
Evidently, severe changes of the salinity gradient within an estuary will lead to changes in 
community structure, biomass and productivity of the estuary and inevitable to a decrease in the 
systems biodiversity and resilience (Turpie, 2004). Therefore it is of fundamental importance 
that managers focus their management strategy on regulating the quantity, quality and timing of 
freshwater inflow in order to successfully maintain the physical, biological and chemical 
properties of an estuary (Alber, 2002). 
 
2.5.3 Temperature 
The water temperature of estuarine ecosystems tends to be a function of seasonal trends in 
atmospheric temperature. The highest temperatures are usually recorded during the summer 
(20–25 °C.) and the lowest during the winter (15–20 °C) (Snow and Taljaard, 2007).  However, 
changes in temperature can also occur do to a change in patterns of water flow (Turpie, 2004).   
When the estuary is residing in the open mouth state, water temperatures are also subjected to 
the current sea conditions. Along the west coast of South Africa (cool-temperate region), for 
example, the coastal areas are often exposed to upwelling. Upwelling events generally occur 
during the spring/summer months under the offshore wind conditions. Depending on the 
strength of the upwelling event, water temperature of cold bottom water brought up and mixed 
with the surface water can range between 9 and 14 oC. Therefore it is apparent from the 
aforementioned that during the open mouth state, the water temperatures of lower and middle 
reaches of the estuary can be significantly influenced by the sea conditions. Additionally if such 
an event occurs in summer a strong longitudinal temperature gradient can develop. 
Consequently, the colder water will occur near the mouth and the water temperatures will 
increase considerably higher upstream (Snow and Taljaard, 2007). Other factors that also 
influences temperature within estuaries include depth, amount of mixing due to wind and 
storms, degree of stratification in the estuary, temperature of the river water entering the 
estuary and human influence i.e. storm water runoff (Ohrel and Register, 2006).   
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Temperature is of fundamental importance for estuaries. An increase in water temperature 
results in a decrease in the capacity of the water to hold dissolved oxygen (Ohrel and Register, 
2006). Additionally, productivity of macrophytes is influenced by water temperature as it controls 
the rate at which chemical reactions take place (Carr et al., 1997). This is related to the 
enzymes involved in the photosynthetic process which are temperature dependent (Anandraj et 
al., 2007).   At the most favourable temperature or range of temperatures, the majority of the 
biological processes will function at a maximum rate. However, once the temperature departs 
from the favourable temperature, the rate of the biological processes will also decline. The 
temperature preferences of macrophytes vary among and within species, seasonally and 
geographically (Carr et al., 1997). Specific water temperatures also influence the timing of 
important events such as reproduction and migration for many species (Ohrel and Register, 
2006).  For example, water temperature has been identified as the primary abiotic factor 
influencing the utilisation of estuaries by fish populations‟ worldwide. This is related to the fact 
that water temperature controls the key physiological, biochemical and life history processes of 
fish and therefore fish also have a thermal preference that optimises physiological processes 
(Abowei, 2010).  Seasonal change in water temperature is slow therefore allowing organisms to 
acclimate. Alternatively rapid shifts in water temperatures may have negatively affect 
macrophytes and associated fauna because shifts of more that 1-2 oC can cause thermal stress 
and shock. Consequently the overall distribution and abundance of estuarine organism can be 
affected by long-term temperature changes (Ohrel and Register, 2006).    
In the Great Brak Estuary, temperature has been recorded since 1978 through to 2008. 
According to the data, the temperature regime of the estuary follows atmospheric temperature 
trends. Therefore, summer temperatures generally range from 20-29 oC, occasionally 
decreasing below 20 oC. Winter temperatures generally range from 13-19 oC, occasionally 
decreasing below 10 oC. The temperature of freshwater releases from the Wolwedans Dam 
generally ranges around 13 oC, falling within the winter range. The temperature range of these 
freshwater releases are therefore well below the summer temperatures and have the capacity 
to create abnormally low temperatures in the estuary during the summer months, as was the 
case in November/December 1990 (Slinger et al., 1994; CSIR, 2008).  
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2.5.4 pH 
The pH value is a measurement of the acidity or alkalinity of a solution. It measures the 
hydrogen ion (H+) in a solution, is expressed as a negative logarithm and is given on a scale 0-
14. pH values are referred to as neutral (equal to 7), acidic (< 7) or alkaline or basic (> 7.0) 
(Ohrel and Register, 2006).  The pH of the estuarine water is influenced by the inflowing water 
sources namely the river and the sea. The pH of seawater ranges between 7.9 and 8.2 (Snow 
and Taljaard, 2007; Taljaard et al., 2009b) whereas the pH of river water depend on the 
characteristics of the catchment. For example the catchment geology of the East Kleinemonde 
Estuary in the Eastern Cape Province consists out of the Bokkeveld Group which is a geological 
formation high in shale, siltstone and sandstone. Therefore, the pH for the East Kleinemonde 
Estuary is expected to be near neutral (Taljaard et al., 2009b). Conversely the rivers in the 
Southern Cape region are acidic (pH of 4 to 6) as the rivers drain Table Mountain quartzite rich 
in humic acids originating from the typical vegetation found in these soils (Snow and Taljaard, 
2007; Taljaard et al., 2009b). However, the pH of the estuaries found within this region tends to 
be very stable ranging within 7.0–8.5 (Snow and Taljaard, 2007). The reason being seawater 
provides a strong buffering capacity to estuarine ecosystems. This strong buffering capacity of 
high salinity seawater against pH shifts is provided by the high concentrations of bicarbonate, 
calcium and other ions that the seawater contains (Ringwood and Keppler, 1999). Therefore, 
the pH is slightly alkaline (pH approximately 8) even though many of the regions‟ rivers are 
acidic (Snow and Taljaard, 2007; Taljaard et al., 2009b).  
However, pH values are also related to photosynthetic processes and dissolved oxygen cycles 
in estuaries (Ringwood and Keppler, 1999). The concentrations of carbonates are 
predominantly used to determine the pH values and dissolved CO2 is also involved in the 
respiration and photosynthesis of plants and the respiration of animals (Schimtt et al., 2008). 
Therefore, primary production form algal blooms can result in an increase of the pH levels 
(Elsdon et al., 2009). This is related to the photosynthetic processes during the day which result 
in oxygen production. However, during the night and early morning hours, low pH levels can be 
detected in the same system. Consequently, the respiration process taking place during the 
night utilizes oxygen and in turn produces CO2 resulting in the low pH values (Ringwood and 
Keppler, 1999). 
Anthropogenic activities have also been found to have an adverse effect on the pH values in an 
estuary. According to Schlacher and Wooldridge (1996), overgrazing by small livestock in many 
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catchments is a serious problem in South Africa. This reduces vegetation cover and bare soil 
tend to show an increase in aluminium concentration and lowered pH values. It is assumed that 
such changes in the soil chemistry will be reflected in altered water chemistry in rivers receiving 
runoff from the catchment subjected to overgrazing (Schlacher and Wooldridge, 1996). Other 
additional factors that also influences the pH levels of water include bacterial activity, water 
turbulence, chemical constitutes in runoff, sewage outflows and other human activities situated 
in and around the catchment such as mines (Ohrel and Register, 2006).    
The Great Brak Estuary originally functioned as an acidic blackwater system due to the 
presence of humic substances in its waters. However, this has been altered due to 
developments in the catchment. According to data recorded since 1990 at the weir 
(K2H002Q01), which is located downstream of the Wolwedans Dam, the pH levels were 
consistently measured above 6. Due to the high buffering capacity of seawater, pH levels in the 
estuary seldom decreased to the low pH levels measured in the river inflow before 1990. 
Therefore, pH levels in the estuary generally range between 7 and 8.3. Lower pH levels are 
related to the fresher upper reaches and only occasionally will the pH drop to 6.5 (CSIR, 2008). 
 
2.5.5 Dissolved oxygen 
Dissolved oxygen (DO) is a very important water quality indicator because it is crucial for the 
existence of aquatic life (Zheng et al., 2004; Schimtt et al., 2008; Abowei, 2010). Generally, DO 
is expressed either as a weight/volume metric (mg l-1) or as a percentage saturation (% sat) 
(Best et al., 2007). The minimum requirement for DO concentrations in coastal water is                 
4.0 mg l-1. However, to ensure optimum ecosystem functioning and in order to maintain the 
highest possible carrying capacity, DO concentrations of at least 5.0 mg l-1 is required (Abowei, 
2010). The temporal variability and spatial variance of DO in estuaries are controlled by multiple 
physical and biochemical processes such as the water temperature and salinity, photosynthesis 
and respiration, turbidity and light penetration, turbulence, air-sea exchanges and 
eutrophication (Zheng et al., 2004;Best et al., 2007; Schimtt et al., 2008; Abowei, 2010).   
Generally, the solubility of oxygen in water is poor (Ohrel and Register, 2006).  The solubility of 
dissolved oxygen decreases with an increase in temperature and salinity (Best et al., 2007; 
Abowei, 2010).This is governed by the combination of low inflows together with the increased 
temperature that results in increased bacterial activity (Atrill and Power, 2000). Additionally, in 
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summer the vertical salinity stratification prevents the bottom water from mixing with the 
oxygenated upper layers. Consequently, this helps to stimulate the development of estuarine 
bottom water hypoxia and anoxia (Best et al., 2007). Therefore; the reduction in DO levels is a 
standard feature of estuarine water quality in summer (Attril and Power, 2000).  
Macro- and microalgae blooms can supersaturate the water with dissolved oxygen provided 
that there are adequate supplies of nutrients and adequate exposure to light (Best et al., 2007). 
However, respiration by these primary producers consumes DO during the night (Best et al., 
2007) subsequently lowering the DO concentrations. Low oxygen (hypoxic) conditions             
(< 3 mg l-1) are harmful to fish and invertebrates (Lawrie et al., 2010).   
Wind mixing or flow-induced re-aeration can either act as a valuable source or sink for DO. The 
re-aeration will act as a source for DO if the DO concentration in the water column is under-
saturation and act as a sink for DO if the water column is super-saturated (Zheng et al., 2004). 
High nutrient input can stimulate the rapid growth of macro- and microalgae and subsequently 
cause bloom formation consequently creating hypoxic (<3 mg l-1) or anoxic (< 0.5 mg l-1) 
conditions. Hypoxic or anoxic conditions develop, because of the algae that start to die and then 
eventually get decomposed by the bacteria.  
Consequently the decaying organic material depletes the dissolved oxygen in the water column, 
which can cause large-scale fish and invertebrate mortalities. In addition, anoxic conditions can 
also create aesthetically unacceptable conditions associated with the decomposition of the 
organic material (McGwynne and Adams, 2004; Ohrel and Register, 2006; Pearl et al., 2006). 
The surface waters of the Great Brak Estuary are generally well oxygenated i.e. above 4 mg l-1. 
However, during periods of marked vertical stratification and long residence times, where the 
water depth exceeds 1.4 m, the bottom waters may become hypoxic and even anoxic. This is 
especially applicable to the deeper areas. Conversely, during strong freshwater inflows due to 
freshwater releases from the dam, the entire water column will re-oxygenate (CSIR, 2008). 
 
2.5.6 Turbidity 
Turbidity is a measurement of water clarity (Ohrel and Register, 2006) and water clarity is 
influenced by an array of different environmental variables such as the levels of suspended 
particles, colloidal material and coloured, dissolved organic matter present in the water column, 
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bathymetry, bottom sediment composition, water depth and wind-mixing (Snow and Taljaard, 
2007; Taljaard et al., 2009a).The soil particles are characteristically in the size range of 0.004 
mm (clay) to 1.0 mm (sand) (Ohrel and Register, 2006). In South Africa, the turbidity of 
seawater entering estuaries along the cool and warm temperate regions is usually relatively low 
in contrast to the turbidity of rivers which vary greatly depending on the geology of the 
catchment as well as agricultural practices within the catchment (Snow and Taljaard, 2007; 
Taljaard et al., 2009a).  It is therefore apparent that the water turbidity is highly variable 
between and within individual estuaries as each estuary is influenced by its own unique set of 
environmental variables. During high rainfall or flooding events, the suspended silt loads 
released into the estuary typically increase. The aforementioned usually coincides with poor 
farming practices.  The suspended silts, clays and colloidal humic acids released into the 
estuary through the river flow would either flocculate or adsorb as a result of the salinity as 
flocculation has been revealed to occur at between 0 and 5 ppt salinity.  Consequently 
flocculation results in a localized turbidity maximum at the river-estuary interface. However, 
unless the floccules are held in suspension by wind-mixing or other turbulent forces it will settle 
out of the water column without contributing to the planktonic food web. Turbidity is also 
influenced by the sediment characteristics and the physical features within an estuary. Shallow 
estuaries characterised by fine bottom sediment, for example, can easily become turbid through 
the resuspension of the fine sediment by wind mixing forces (Snow and Taljaard, 2007).  
Other source of turbidity include soil erosion from construction or forestry, waste discharge, 
urban runoff, eroding stream banks, stirred-up bottom sediment from flooding, boating and 
jetskiiing activities or bottom-feeding animals and excessive algal growth. Therefore turbidity 
and total solids can be useful indicators of these effects from potential sources.  Monitoring 
conducted on a regular basis can help detect trends that might indicate the increase or 
decrease of erosion in the estuary‟s catchment (Ohrel and Register, 2006).    
Water turbidity and depth are regarded as the most important factor determining the distribution 
of submerged macrophytes because it determines the underwater light environment (Schlacher 
and Wooldridge, 1996; Adams et al., 1999). The muddiness caused by flooding events 
decreases the degree of transparency of the water which affects the penetrability of light thus 
limiting the light availability to photosynthetic organisms and consequently reduces water 
column (primary) productivity (McGwynne and Adams, 2004; Turpie, 2004). This in turn, 
negatively affects the availability of dissolved oxygen in the water column because of the 
decrease in photosynthesis. The introduction of sediment from the catchment during a flooding 
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event can also result in a change in sediment size. This can significantly affect the macrophytes 
and associated fauna that have adapted to the estuary‟s benthic environment (Ohrel and 
Register, 2006).  Suspended particles also have the ability to absorb heat therefore increasing 
the water temperature. This results in a decrease of dissolved oxygen in the water column 
because warm water holds less oxygen in comparison to cold water. High turbidity may also be 
a source of detritus.  Detritus (leaves, twigs and other plant and animal waste) are decomposed 
by bacteria and this increase in the respiratory levels of the bottom water and sediment and 
leads to the depletion of oxygen (Ohrel and Register, 2006).  The reduced water clarity also 
negatively impacts visual foragers, resulting in the loss of visual predators and change of 
community structure. The aforementioned effect may be carried into the marine zone, but only 
during periods of high river flow (Turpie, 2004).  In general the upper reaches of an estuary are 
usually more turbid than the lower reaches due to the input of silt and particulate material from 
the rivers (Snow and Taljaard, 2007).  
In July 2007 and February 2008, turbidity and suspended solid concentrations were measured 
in the Great Brak Estuary. During the July sampling period the estuary mouth was closed 
whereas during February the estuary mouth was open and marine-dominated. Consequently, 
results indicated that during the closed phase, which is characterised by higher salinity and low 
water turbulence, the level of suspended solids and turbidity concentrations were < 10 mg l-1. 
During the open phase, the total suspended solids increased to ~ 30 mg l-1 in the lower reaches, 
due to increased tidal action. Freshwater inflow increased turbidity in the upper reaches. The 
higher turbidity causes low visibility and the brown colour of the water. Thus, increased turbidity 
is directly proportional to the volume of freshwater inflow (CSIR, 2008). 
 
2.5.7 Nutrients 
Estuaries are dynamic transition zones between terrestrial and marine environments that 
transform the nutrients supplied from catchments (river inflow) to the sea (Elsdon et al., 2009; 
Taljaard et al., 2009a). The primary plant nutrients (i.e. the elements nitrogen and phosphorus) 
are available to biota in dissolved inorganic forms as nitrate-N (NO3-N) ammonium-N (NH4-N) 
and phosphorus (reactive phosphate-P [PO4-P]) (McGwynne and Adams, 2004). Inorganic 
nutrients are predominantly introduced to estuaries from the catchment (geological weathering). 
However, nutrients can also be introduced from other external source such as the sea during 
upwelling events (Snow and Taljaard, 2007; Bricker et al., 2008; Taljaard et al., 2009a) 
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groundwater and anthropogenic sources such as sewage outfalls that discharge directly into the 
estuary. Additionally a large number of physical and biochemical processes such as 
evaporation, sorption-desorption processes, nitrification/denitrification, mineralisation 
(degradation of organic matter through bacterial activity and biological uptake by primary 
producers) also influences the nutrient dynamics within estuaries (Snow and Taljaard, 2007).  
Phytoplankton and fast-growing ephemeral macroalgae are often limited by nutrient availability 
(Leston et al., 2008). Submerged rooted macrophytes, on the other hand, take advantage of the 
nutrient supply from the sediment in nutrient poor environments (Austoni et al., 2007; Viaroli et 
al., 2008) and therefore light intensity is most likely the most important negative effect on 
submerged macrophyte growth (Fong et al., 2000). According to Snow and Taljaard (2007) 
there is often a relationship between a nutrient flux and the biological response.  
The net effect of the rate at which these nutrients are taken up by primary producers and the 
rate at which they are regenerated or replaced at that specific position is reflected by the 
measurements of the dissolved inorganic nitrogen (DIN) and dissolved inorganic phosphorus 
(DIP) concentrations in the water column. Therefore, a very low nutrient concentration could 
indicate that a specific nutrient has been depleted from the water column. This limits the primary 
production (Snow and Taljaard, 2007). In coastal waters the mineral element that limits the 
phytoplankton growth is nitrogen whereas in river water systems phosphorus is the limiting 
mineral element (Doering et al., 1995; Snow et al., 2000). However, seeing that estuarine water 
constitute a mixture of river water and sea water varying both on a seasonal and spatial scale, it 
is not clear which mineral element is limiting primary production although during periods of 
reduced river flow a shift from phosphorus to nitrogen limitation would be expected (Snow  et 
al., 2000). On the other hand, it could simply be the net result of a very rapid uptake by primary 
producers, loss to the atmosphere (e.g denitrification) and slow remineralisation of the nutrient 
for example due to limited organic loading (Snow and Taljaard, 2007; Taljaard et al., 2009a).  
Eutrophication is regarded as one of the greatest threats to the health of coastal ecosystems 
(Bricker et al., 2008). Land surrounding estuaries is favoured by humans for land-use practices, 
particularly agriculture, as it provides fertile alluvial plains and conduits for urban and industrial 
wastes. Nutrients are predominalty imported into an estuary during upwelling events, litter fall, 
storms and weathering events. However, due to these human activities dominating the banks of 
some estuarine systems, nutrients are now also derived from sewage outfalls, fertilizer run-off, 
industrial and agricultural effluents, and leaching of nitrogen and phosphorous from cleared land 
28 
 
(Elsdon et al., 2009). In the Gamtoos Estuary, for example, seepage from agricultural land 
adjacent to the upper reaches of the estuary becmes the primary source of nitrate under low 
flow conditions (Snow et al., 2000).  
Point sources are easily identified as it originates as a clearly visible source such as a pipe, 
channel or other obvious discharge points (Ohrel and Register, 2006). Input from these sources 
result in seasonal nutrient concentration profiles, provide a constant nutrient input throughout 
the year (Davis and Koop, 2006; De Villiers and Thiart, 2007) and contribute to primary and 
secondary productivity (Flemer and Champ, 2006). On the other hand, diffuse point sources 
originate from a large number of different sources that do not have a single and clear discharge 
point (Ohrel and Register, 2006).  
Diffuse point sources, such as agricultural activities (use of manure and nitrogenous fertilizers, 
cultivation of N2-fixing crops), urban runoff from unsewered, sewered and failed septic systems, 
are of greater importance than point sources as they are extensive and more difficult to control 
(Camargo and Alonso, 2006). Diffuse point sources also have seasonal nutrient concentration 
profiles (De Villiers and Thiart, 2007) that mainly coincide with river runoff (Davis and Koop, 
2006; De Villiers and Thiart, 2007). 
This influx of nutrients into or change in the nutrient concentrations of an estuary has severe 
consequences for the biota of an estuary as it subsequently lead to an increase in the 
productivity predominantly by phytoplankton and/or macroalgae within the system (Flindt et al., 
1999; Thomas et al., 2005; Camargo and Alonso, 2006; Bricker et al., 2008). Algae respond 
rapidly to an increase of nutrients (Flindt et al., 1999; Thomas et al., 2005). Excessive algae 
blooms may lead to severe impact such as the loss of submerged macrophytes through 
smothering, low dissolved oxygen concentrations and the occurrence of nuisance/toxic blooms 
(Flindt et al., 1999; Thomas et al., 2005; Bricker et al., 2008). This results in a change in the 
natural trophic organisation of the estuary as the change in the plant composition affects the 
heterotrophic organisms that are specialised in living on the submerged macrophytes (Flindt et 
al., 1999; Thomas et al., 2005). In addition, although algal blooms can stimulate grazing and 
increase secondary production, the algae predominantly remain underutilized for the reason 
that they have a short life span. When blooms get older and deteriorate, they sink towards the 
bottom causing an increase in the biological oxygen demand leading to the formation of zones 
of anaerobic sludge in the deeper parts of the estuary. The aforementioned is often associated 
with a decrease in oxygen through much of the water column and the accumulation of hydrogen 
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sulfide within and above the sediment. Fish and invertebrates die-off as the algae blooms 
deplete the dissolved oxygen within the water column (Lawrie et al., 2010). Therefore, it is 
apparent form the aforementioned that the increase of the productivity of the estuary related to 
anthropogenic nutrient inputs are usually accompanied by a decrease in species richness and 
diversity in addition to the impairments to aesthetics, fishing opportunities and success and 
appearance and persistence of alien vegetation (Turpie, 2004; Bricker et al., 2008). For 
example decaying mats of filamentous algae have been shown to impact adversely the social 
acceptability of water in Great Brak and Kleinmond estuaries and is very often the reason for 
the manipulated opening of the estuary mouth (Adams et al., 1999). However, due to the 
dynamic nature of an estuary, the organism living within are quite tolerant to change and are 
therefore able to cope with sudden changes in the nutrient status of the system. Seasonal 
flooding usually prevents the increase of nutrients as the regular resetting provided by frequent 
floods improves the water quality (Whitfield and Harrison, 2003; Turpie, 2004; DWAF, 2008a). 
The inorganic nutrient concentrations in estuaries are different for each system. Therefore, no 
generic quantitative water quality target values can be applied to all estuaries. However, 
seasonal water samples for nutrients and oxygen levels can be used to establish a baseline 
data against which to evaluate current and future conditions in order to prevent any sudden 
changes from impacting on ecological processes (McGwynne and Adams, 2004).  
 
Human activity in and around the Great Brak Estuary and catchment has resulted in an 
increase in nutrients into the estuary, particularly nitrogen, phosphorous and organic loads 
(Snow et al., 2000; Snow, 2008). Other sources of nutrient input include residential 
developments (some of which still make use of septic tanks), agriculture and commercial areas 
situated on the banks of and adjacent to the Great Brak Estuary. Surface run-off from a golf 
course also enters the lower reaches of the estuary while sewage effluent used to be 
discharged into the estuary via a Pasveer system before 1993 (Adams, 2008). Consequently, 
extensive organic inputs and subsequent re-mineralisation have possibly resulted in DIN 
concentrations being dominated by total ammonia-N (DWA, 2009). The dissolved inorganic 
nitrogen (DIN) and dissolved reactive phosphate (DRP) measurements have been recorded in 
the Great Brak Estuary 1978 to 2008. For the detailed description of the DIN and DRP 
concentrations for each state refer to CSIR (2008). In addition, as is the case of other systems 
where seasonal flooding prevented the accumulation of organic inputs or the increase in 
nutrients, the construction of the Wolwedans Dam has prevented the natural flushing process in 
the Great Brak Estuary (DWAF, 2008a). Both the reduction in river inflow and the accumulation 
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of organic inputs have lowered the Present Ecological Status of the estuary (DWAF, 2008a). 
The Present Ecological Status is a measure of the health of the estuary. It is based on a 
comparison between the reference condition (the estuary‟s ecological status 50 to 100 years 
ago) and the present state (a quantitative description of the present abiotic and biotic 
characteristics and functioning of the system), which is determined by means of the Estuarine 
Health Index.  
Therefore the reference and present states are determined by key parameters and processes 
which form the basis of the Estuarine Health Index. The key parameters and processes include 
both abiotic variables (hydrology, hydrodynamics and mouth condition, water quality and 
physical habitat) and biotic variables (macrophytes, microalgae, invertebrates, fish and birds). 
Each variable, abiotic and biotic, is described as a percentage (0-100%) of the pristine state, 
weighted and then aggregated. The final score then represents the state as a percentage of the 
original pristine condition. The abiotic variables reflect the habitat health or integrity whereas the 
biotic variables reflect the biological health index. The habitat health and the biological health 
index is then calculated and combined as illustrated in Table 2.4 (DWAF, 2004) 
Table 2.4: The Present Ecological Status (PES) of the Great Brak Estuary based on the 
habitat health and biological health index which indicates the present state as a 
percentage of pristine state (adapted from DWAF, 2004). 
 Variable Weight  Score Weighted 
score 
Abiotic (habitat) variables  
1 Hydrology 25 67 17 
2 Hydrodynamics and mouth condition 25 56 14 
3 Water quality 25 50.2 13 
4 Physical habitat 25 83 21 
1.Habitat health score = weighted mean 50  64 
Biotic variables  
1 Macrophytes 20 60 12 
2 Microalgae 20 40 8 
3 Invertebrates 20 50 10 
4 Fish 20 40 8 
5 Birds 20 68 14 
2. Biological health score = weighted mean 50  52 
ESTUARINE HEALTH SCORE = weighted mean 
of 1 and 2 
  58 
 
The Estuarine Health Index (DWAF, 2004) indicates to what extent the present condition 
deviates from its reference condition. Six broad classes can be described (Table 2.5) (DWAF, 
2004). 
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Table 2.5: Ecological Management Categories (adapted from DWAF 2004). 
 
Thus, the Estuarine Health Score for the Great Brak Estuary was calculated at 58, which 
translates into a D: largely modified. Although the Habitat Health Score was comparatively high 
(64), indicating a relatively healthy estuary, the biotic health score, was low (52), which resulted 
in the ecological state of the estuary being in a degraded condition. The macrophytes and fish 
were of special concern because they were in a poor condition, receiving a score of 40 (DWAF, 
2008).  
 
 
2.6 Biological components 
2.6.1 Phytoplankton 
Phytoplankton including prokaryotic cyanobacteria and eukaroytic algal groups constitute the 
largest fraction of the primary production in estuaries. They are free floating, unicellular, 
microscopic nonvascular plants which occur suspended in the water column (Adams and Bate, 
1999a; Chuks and Wim, 2010) and can contribute up to 50% of total estuarine autochthonous 
primary production (Anandraj et al., 2007).  
Phytoplankton absorb nutrients i.e. carbon dioxide, nitrates, ammonium, phosphate and 
micronutrients from the water or sediment, release oxygen into the water column as a by-
product and are the main source of organic matter in aquatic ecosystems (Costa et al., 2011; 
Chuks and Wim, 2010) and therefore support foods webs and play a key role in carbon, nutrient 
and oxygen cycling in estuaries (Paerl et al., 2010).  
ESTUARINE HEALTH INDEX (EHI) 
SCORE 
PRESENT ECLOGICAL 
STATUS 
DESCRIPTION 
91-100 A Unmodified natural 
76-90 B 
Largely natural with few 
modifications 
61-75 C Moderately modified 
41-60 D Largely modified 
21-40 E Highly degraded 
0-20 F Extremely degraded 
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However, during phytoplankton decomposition oxygen is consumed by the bacteria. Therefore, 
after excessive phytoplankton growth in confined waterways hypoxic conditions may occur 
(Ohrel and Register, 2006) resulting in large-scale mortality of fish and invertebrates (Pearl et 
al., 2006). Phytoplankton are predominantly present in the large channel-like South African 
estuaries which have large catchments, a high mean annual runoff and where freshwater 
introduces nutrients and creates stable stratified conditions (Adams and Bate, 1999a; 
Perissinotto et al., 2003). Studies conducted on South African estuarine phytoplankton (such as 
in the Berg; Palmiet; Goukou; Gourits; Great Brak; Keurbooms; Gamtoos; and Sundays 
Estuaries) (Adams and Bate, 1999a) have shown that sufficient and regular freshwater inflow is 
normally capable of supporting a large phytoplankton biomass and a well-developed pelagic 
food web, but a rather low biomass of benthic microalgae in permanently open estuaries. The 
aforementioned is assumed to be associated with the fixed nutrient supply and the maintenance 
of stable stratified conditions resultant from the freshwater inflow. In the temporarily open/closed 
estuaries submerged macrophytes or microphytobenthos are dominant as they are able to take 
advantage of the prevailing conditions i.e. low turbidity, current speed, more stable sediment 
and salinity environment and large nutrient supply available within substratum, in these 
estuaries (Adams and Bate, 1999a ; Perissinotto et al., 2003). Phytoplankton biomass and 
abundance are measured as chlorophyll a concentrations in estuaries (Chuks and Wim, 2010).  
Phytoplankton primary production and species composition is regulated by the interaction of 
several abiotic (nutrient fluxes, water quality, the circulation of the tidal flow, light availability and 
physical variability) and biotic factors (grazing pressure and competition) (Adams and Bate, 
1999a; Anandraj et al., 2008; Gle et al., 2008; Shen et al., 2011).  The composition, productivity 
and biomass of a community are associated with the environments climate and hydrological 
features (including regional and seasonal variations in these qualities) it inhabits (Costa et al., 
2011).  The major freshwater related factors controlling phytoplankton biomass appears to be 
nutrient availability and water motion effects. Diatoms dominate water with relatively low 
nutrients (Ohrel and Register, 2006) and require turbulence to maintain their position within the 
photic zone because they lack motility and are generally negatively buoyant.  
Dinoflagellates and cyanobacteria are more abundant in nutrient rich water (Ohrel and Register, 
2006) as well as dinoflagellates, cryptophytes and many other chlorophytes are flagellated 
which enable the cells to swim allowing them to migrate vertically to the surface water during 
the day for light and to the deeper nutrient rich bottom waters during the night (Hall and Pearl, 
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2011). Therefore in systems with slow residence times, dinoflagellates have a greater tendency 
to bloom (Bricker et al., 2008).  
Water residence and phytoplankton turnover time is dependent on water circulation processes 
i.e. freshwater flow rates, tidal flow and mouth condition. Estuaries characterised by short water 
residence times will have limited development of phytoplankton concentrations. This is because 
maximum or full phytoplankton blooms may take longer to develop and short retention times 
does not allow for enough time for the phytoplankton to sufficiently trap nutrients present in the 
euphotic zone before being washed out to sea. (Adams and Bate, 1999a). For example 
dinoflagellates are more likely to bloom during periods of drought because of the slower 
residence times (Bricker et al., 2008). When a phytoplankton bloom occurs the nutrient supply 
in the aquatic ecosystem will decrease substantially. This decrease is related to the nutrients 
that are being transformed into biomass.  Similarly at the end of the bloom the nutrient 
availability generally limits the species growth (Popovich et al., 2008).  
The influx of nutrients into estuaries may be the result of either an increase in nutrient loading in 
the freshwater input, an increase in the quantity of freshwater input or an increase in fresh or 
seawater flow rates to such an extent that the nutrients generated through insitu 
remineralisation processes are mixed into the euphotic zone.  The rainfall in South Africa is 
inconsistent. Therefore definite seasonal patterns of estuarine phytoplankton production are 
absent and thus the response in South African estuaries is opportunistic and related to episodic 
freshwater discharge. Freshwater pulses between August and November 1992 brought in 
nutrients into the Great Brak and Keurbooms estuaries which lead to a short term boost in the 
phytoplankton biomass. Conversely, in the Sundays Estuary, agriculture fertilizer flow results in 
the freshwater input maintaining a consistent high nutrient loading. However, in the majority 
estuaries an influx of nutrients into the estuary is the result of an increase in the quantity of 
freshwater input (Adams and Bate, 1999a).  
Depending on the catchment characteristics, an increase in inflow of freshwater may also 
coincide with an increase in turbidity (Snow and Taljaard, 2007). Suspended particulate matter 
affects the penetrability of light thus limiting the light availability for photosynthesis in the water 
column (McGwynne and Adams, 2004; Turpie, 2004). Primary production was observed in the 
Mdloti TOC Estuary during the open mouth phase. The shallow conditions together with the 
high salinity which most likely induced flocculation and sinking of suspended particles enhanced 
the light regime within the water column therefore creating the optimal environmental conditions 
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from primary production (Anandraj et al., 2008).Therefore, light limitation is regarded as a 
prominent factor determining phytoplankton growth and photosynthesis in the water column of 
estuaries even when there is a high nutrient load (Shen et al., 2011).  
Estuaries and coastal areas provide a transition zone between freshwater and marine species. 
Therefore salinity is also known to be a structuring mechanism for the phytoplankton 
composition (Carstensen et al., 2004). Freshwater species dominate the head of an estuary and 
during high freshwater flows. Conversely marine species dominate the mouth and the more 
saline waters of an estuary (Day, 1981). Low salinities pose problems for growth of generally 
halo-intolerant bloom-forming cyanobacteria common to freshwaters by limiting their 
photosynthetic ability and buoyancy regulation. Therefore in nutrient rich brackish waters the 
nuisance algae are mainly dinoflagellates (Sellner et al., 2001).  For example stable stratified 
salinity conditions favoured the bloom formation of dinoflagellates in the Sundays and Gamtoos 
estuaries (Hilmer and Bate, 1991).  
 
The Great Brak Estuary is a blackwater system, which, in its natural state, would have been 
oligotrophic (Snow, 2008). Phytoplankton growth within the estuary would have been nutrient 
limited and phytoplankton biomass would have been < 1.0 µgl-1. River flows and more frequent 
flood events, together with lower organic loads, would have reduced the occurrence of 
hypoxic/anoxic events in the estuary. Therefore, the presence of significant densities of 
cyanophytes during the reference state would have been improbable. Furthermore, higher river 
inflows would have introduced more freshwater taxa, such as those in the chlorophyte and 
diatom groups, as well as creating vertical salinity stratification that would favour the dominance 
of dinoflagellates in the middle reaches of the estuary (Snow, 2008). However, due to 
development in the catchment nutrient concentrations and organic loads have increased in the 
estuary.  
Nutrients can also be generated in-situ through re-mineralisation, which is associated with the 
increased accumulation of organic matter due to a marked reduction in flooding or “resetting” 
(DWAF, 2008a). Phytoplankton is able to proliferate under these conditions, whereas in the 
system‟s natural state, growth would have been nutrient limited. Therefore, the change in river 
inflow and mouth condition has favoured a shift in the phytoplankton community structure to one 
dominated by flagellates and cyanophytes. However, cyanophytes are only present during 
extended periods of mouth closure (Snow, 2008).  
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2.6.2 Macrophyte community types 
In South African estuaries nine different macrophyte community types are recognised. These 
include the Open surface water area; Intertidal sand and mudflats; Submerged macrophyte 
beds; Macroalgae; Intertidal salt marsh; Supratidal salt marsh; Reeds and sedges; Mangroves  
and Swamp forest (Adams et al., 1999).  The spatial distribution of different macrophyte 
communities depend on the salinity gradient along the length of the estuary created by a 
continual flow of freshwater into the system.  This spatial distribution is of significance as it 
gives a good indication of the health of the estuary. A previous study conducted on the South 
African estuaries indicated that estuaries with a continual freshwater input have a different 
distribution of macrophyte habitats from the mouth to the head compared to systems with no 
freshwater inflow which have low macrophyte diversity (Adams et al., 1992).  Macrophytes fulfil 
a very important ecological function as growth and decomposition influences other biotic and 
abiotic components and also it serve as a habitat for fauna as it provides a physical structure in 
the littoral zone (Wortmann et al., 1998). Macrophytes oxygenate the water column, anchor the 
sediment, absorb nutrients both from the overlying water and from the bottom sediments 
(Aseada et al., 2001) and increase the depth of the oxidized microzone at the sediment. 
Submerged macrophytes are capable of improving the clarity of the water as they trap 
suspended sediment and decrease the effect of the wave action. Salt marsh vegetation 
stabilizes the sediment and therefore protects the banks of the estuary from eroding away. The 
aforementioned also acts as filters of sediment and pollutants as well as are zones of nutrient 
production and retention and are therefore important inorganic and organic nutrient sources for 
the estuarine ecosystem (Adams et al., 1999). In addition macrophytes consequently also play 
an important role in terms of nutrient trapping and recycling as well as provide a food source 
and reproduction sites for invertebrates and fish (Carr et al., 1997; Adams et al., 1999; Riddin 
and Adams, 2010).  
 
However, although macrophytes form such an important component of an aquatic ecosystem 
they are often affected by anthropogenic activities occurring throughout the watershed. Various 
studies have indicated the impact of nutrient enrichment from industrial, municipal, and 
agricultural sources causing an increase in macrophyte abundance and consequently resulting 
in a decrease in species diversity and a shift towards a phytoplankton dominated system (Carr 
et al., 1997).  The construction of dams and the withdrawal of water for industrial and 
agricultural purposes modify flow regimes and therefore have been associated with increases in 
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macrophyte abundance in the Nechako River, Canada, the Otra, Suldalslåtkgen, and BФrleva 
rivers, Norway and many other waterways worldwide (Carr et al., 1997). The introduction of 
alien invasive plant species have had a serious impact on the diversity of many aquatic 
ecosystems as it results in a decline in indigenous species because they can outcompete the 
indigenous species (Austoni et al., 2007), as well as it alters the habitat that support other 
aquatic organisms (Carr et al., 1997;Riddin and Adams, 2009). For example Spartina 
alterniflora (Loisel) (Smooth Cordgrass) forms part of brackish coastal salt marshes that are 
considered valuable ecosystems, but has become invasive outside its native area.  USA Pacific 
Coast along Washington, Oregon, and California, as well as in Great Britain, France, The 
Netherlands, New Zealand, and China are all the countries where Spartina alterniflora invasions 
have occurred (Riddin and Adams, 2008). Evidently the ecological cost of these impacts can be 
distinguished throughout an aquatic ecosystem as habitat diversity is reduced, flow conditions 
and the hydraulic roughness of the bottom sediment and water column are altered and the 
water chemistry, especially nutrient and dissolved oxygen and carbon regimes, are changed 
(Carr et al., 1997). 
 
 
2.6.3 Submerged macrophyte beds 
 
Submerged macrophytes such as Zostera capensis Setchell and Ruppia cirrhosa Grande are 
plants, rooted in both soft subtidal and low intertidal substrata and of which their leaves and 
stems are entirely submerged for most states of the tide, that are commonly found in South 
African estuaries (Adams et al., 1999). They are a major source of primary production (Austoni 
et al., 2007) in estuaries. The submerged macrophytes modulate sedimentary processes such 
as anchor sediment, trap suspended sediment and play an important role in  biogeochemical 
processes such as oxygenate the water column during the growing season through 
photosynthesis, improve water clarity, nutrient trapping and recycling (Adams et al., 1999; Ohrel 
and Register, 2006; Austoni et al., 2007).  
The leaves of the submerged macrophytes contain many epiphytes and epizoans and the beds 
trap detritus, diatoms and filamentous algae providing food for epifaunal and benthic 
invertebrate species and indirectly for fish species, that is, through their diverse and abundant 
invertebrate fauna which are consumed by carnivorous fish species (Coetzee et al., 1997; 
Wortmann et al., 1997; Adams et al., 1999; Riddin and Adams, 2008).  Furthermore, the 
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associated biota also uses these habitats as refugia and nursery areas and thus these beds 
support more diverse and abundant invertebrate and juvenile fish communities in comparison to 
bare soft-bottomed habitats and marshes (Adams et al., 1999). 
Submerged macrophytes are inconsistent both on a spatial and temporal scale (Adams et al., 
1999) as each species have their own tolerance range to desiccation (exposure) and salinity 
(Gordon et al., 2008).  Submerged macrophytes also require sufficient exposure to sunlight for 
photosynthesis. Their distribution within the estuary will therefore be limited to shallow water, 
clear enough to promote maximum light penetration. However, it may also grow in deeper areas 
if the water is exceptionally clear (Ohrel and Register, 2006).  The submerged macrophyte beds 
decreased by half between 1950 and the early 1980‟s  in Tampa Bay, Florida because of a lack 
in light  (Bricker et al., 2008). Submerged macrophytes are removed by currents greater than 1 
m s-1 and are mechanically damaged by currents of approximately 0.5 m s-1. Favourable growth 
and establishment of submerged macrophytes are promoted by currents less than 0.1 m s-1 
(Adams, 2008). Zostera capensis grows best under marine conditions and therefore it occupies 
the intertidal mudbanks of the majority of permanently open Cape estuaries (Adams et al., 
1999). Ruppia cirrhosa survives near the mouth of temporarily open/closed estuaries 
characterized by fluctuating salinities or in the middle and upper brackish reaches of 
permanently open estuaries (Adams and Bate, 1994a) as it can tolerate salinity ranging from 2 
to 40 ppt. In the East Kleinemonde Estuary R. cirrhosa cover decreased significantly in 
response to the higher salinity resultant of marine overwash event during a storm during the 
closed mouth phase (Riddin and Adams, 2010) whereas in the Kasouga Estuary 80% of the 
submerged macrophytes (mostly R. cirrhosa) were lost due to hypersaline conditions (> 40 ppt) 
(Froneman and Henninger, 2009). Ruppia has thin stems lacking in supportive tissue and their 
rooted parts are poorly developed. Consequently, these submerged macrophyte species are 
restricted to sheltered habitats. For example Ruppia sp was found to dominate the submerged 
macrophyte communities in the periodically closed Kabeljous and Seekoei estuaries, because 
of the low salinities and the reduced water velocities (Adams et al., 1992). Therefore, Z. 
capensis has a competitive advantage over Ruppia in estuaries where there is tidal exchange 
and stronger currents, because of its morphological structure and ability to tolerate daily periods 
of exposure (Adams and Bate, 1994b).  
According to a general model, in pristine estuaries submerged macrophyte beds will dominate 
the estuary, because of their ability to take advantage of the nutrient supply from the sediment. 
However, the distribution of the submerged macrophytes in estuaries is declining (Adams et al. 
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1999; Austoni et al., 2007). Dense epiphyte and nuisance macroalgal population such as 
Cladophora respond rapidly to nutrient enrichment and therefore can out-compete submerged 
macrophytes for nutrients and light resulting in a decrease in the overall species diversity. 
Sewage discharge from the Cape Flats increased into the Zeekoeivlei estuary resulting in the 
dominant submerged macrophyte P. pectinatus to be out-competed by macroalgal species 
(Adams et al., 1992).  This result in oxygen depletion because of decreasing photosynthesis by 
the submerged macrophytes and the release of nutrients once assimilated in the plants leaves, 
roots and bottom sediment which in turn favour phytoplankton primary production during their 
decomposition. Light penetration within the water column required for photosynthesis is also 
impacted negatively because of the increase in suspended particles together with macroalgal 
blooms (Ohrel and Register, 2006). 
However, although nutrient enrichment is the major cause of the decline of submerged 
macrophyte beds in estuaries other additional activities also play a key role in the destruction of 
these habitats. Sedimentation can also increase into an estuary as a result of runoff from 
different land uses and dredging activities whereas herbicides and industrial pollutants may 
cause a direct loss of some species (Ohrel and Register, 2006). The beach-disposal of 
dredging spoils resulted in a decrease in Zostera capensis beds in the Mhlathuze Estuary that 
only showed 48 % recovery after two years (Cyrus et al., 2008). Additionally recreational 
activities such as boating (boat-generated waves increase water velocity and evidently turbidity) 
and bait digging may also result in a loss of the submerged macrophyte beds (Ohrel and 
Register, 2006). Bait organisms such as mudprawn (Upogebia africana), cracker shrimp 
(Alpheus crassimanus), bloodworm (Arenicola loveni) and pencil bait (Solen cylindraceus) are 
mainly found in the Zostera zone (Adams et al., 1999).  
In the Great Brak Estuary, Zostera capensis and Ruppia cirrhosa occur at elevations < 0.89 m 
amsl. Zostera capensis is more common in the estuary during the open mouth phase when the 
estuary is tidal, although they are also present during the closed mouth phase. R. cirrhosa, on 
the other hand, is restricted to the back water channels and pools during the open mouth 
phase. Extensive Ruppia beds form during the closed mouth state due to a reduction in turbidity 
and increase in water level. Ruppia is absent from the intertidal habitats as they have a very low 
resistance to exposure and, after desiccation, all plant parts, excluding seeds, die within a few 
days. R. cirrhosa has a rapid life-cycle and a large persistent seed bank (Adams and Bate, 
1994b).   
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2.6.4 Macroalgae 
Macroalgae are thallophytes i.e. plants without roots, stems and leaves, which have chlorophyll 
as their primary photosynthetic pigment, lack a sterile covering of cells around the reproductive 
cells (Chuks and Wim, 2010) and may be intertidal, subtidal, attached to hard or soft substrata 
or floating (Adams et al., 1999). The most common macroalgae involved in bloom episodes are 
the green algae (Valiela et al., 1997).   
Light climate (water clarity), nutrient concentration and salinity are the three primary growth-
regulating factors influencing the large-scale patterns of distribution and abundance of 
macroalgae (Krause-Jensen et al., 2004) although other regulating factors i.e. temperature, bed 
stability, hydrography, amount and type of substratum and grazing by heterotrophic grazers 
also play a role (Valiela et al.,1997; Krause-Jensen et al., 2004; Scanlam et al., 2007). 
However, it appears that for the most part that an increased availability of nutrients is the cause 
for the proliferation of macroalgae within estuaries (Valiela et al., 1997). The influx of nutrients 
into or change in the nutrient concentrations of an estuary promoted by increased delivery of 
land-derived nutrients through anthropogenic activities, has severe consequences for the 
ecology of an estuary (Valiela et al., 1997; Flindt et al., 1999; Thomas et al., 2005; Hauxwell et 
al., 2006).Agricultural runoff, wastewater discharges from industries and fish farms are for the 
most part responsible for the excess nutrient input into estuaries (Leston et al., 2008). Chronic 
nutrient loadings subsequently lead to an increase in the productivity resulting in the excessive 
growth by opportunistic macroalgae characterised by thin, simple tissue, high surface area to 
volume ratio, potentially high growth rates and ability to tolerate fluctuating salinities, 
phytoplankton or algal epiphytes (Adams et al., 1999; Flindt et al., 1999; Thomas et al., 2005; 
Krause-Jensen et al., 2004; Leston et al., 2008; Ochieng et al., 2010).  
Therefore, opportunistic macroalgal species such as Enteromorpha, Ulva, Chaetomorpha and 
Cladophora are commonly found in temporarily open/closed estuaries characterized by slow 
water movement (Adams et al., 1999) and are able to out-compete the large perennial 
macroalgal species, submerged macrophytes and phytoplankton by taking advantage of the 
nutrient inputs and by smothering the other plants (Flindt et al., 1999; Thomas et al., 2005; 
Scanlam et al., 2007). In the Great Brak Estuary, macroalgae blooms occur during the closed 
mouth phase as a result of calm, sheltered conditions and also in response to nutrient input 
from the surrounding land-use activities e.g. agriculture and residential (Adams, 2008). 
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This change from submerged macrophyte to macroalgae habitats are considered a degradation 
of coastal environments, because the biota use these habitats as refugia and nursery areas as 
well as the leaves of the submerged macrophytes contain many epiphytes and epizoans, thus 
providing food indirectly for faunal species of which some are of commercial interest (Valiela et 
al., 1997; Wortmann et al., 1997; Riddin and Adams, 2008). In addition, submerged 
macrophytes also have a marked influence on the water quality of the estuary as it store large 
amounts of nutrients (and carbon) in their fronds. Therefore the water quality in submerged 
macrophyte-dominated shallow waters seems to be better compared to phytoplankton 
dominated systems subjected to the same rate of nitrogen loading because of the submerged 
macrophytes‟ ability to store nutrients (Valiela et al., 1997).  
 
During intensive growth periods, the filamentous macroalgae accumulate in layers thus the 
growth rate decreases exponentially through the canopy as a result of the deeper layers being 
unable to photosynthesis due to extreme self-shading. Consequently the upper layers remain 
photosynthetically active whereas the deeper layers undergo decomposition (Martins et al., 
2007).  During the algal decomposition process, the habitats underlying the layers of 
filamentous macroalgae experience heat and a temporal oxygen deficiency (Berglund et al., 
2003; Gulbelit and Berezina, 2010). In addition the algal decomposition process also causes 
modifications of the nutrient dynamics in the water column and sediment. Therefore due to the 
hypoxic conditions and the release of toxic hydrogen sulphide in the habitats underlying the 
decomposing macroalgae, the benthic invertebrate communities, submerged macrophyte beds 
and the food supply of the wading birds are negatively affected.  
 
2.6.5 Salt marsh vegetation 
Salt marshes are characterized by a suite of herbaceous or low woody vascular plants. These 
plants are found widely distributed along the temperate and polar coastlines, exposed to 
relatively low-energy wave action (Allison, 1992; Adam, 2002). According to the plant type and 
floristic assemblages, a number of board classes are recognised globally i.e. Arctic, Boreal, 
Temperate, West Atlantic, Dry coast and Tropical salt marshes. Temperate salt marshes are 
characteristic of Europe, Western North America, Japan, Australasia and South Africa (Adam, 
2002). In South Africa salt marshes only occur in certain estuaries and embayment‟s along the 
coast covering approximately 17 000 ha of the land surface.  More than 75 % of these salt 
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marshes are, however, confined to five systems i.e. Langebaan Lagoon, Knysna Lagoon, the 
Swartkops River, the Berg River and the Olifants River (Adams et al., 1999).  
Salt marsh vegetation is exposed to extremes of salinity, desiccation and tidal flooding (Colmer 
et al., 2008; Green et al., 2009) regarded as harsh environments (Abu Hena et al., 2007; Green 
et al., 2009). However, salt marsh plants have specialized adaptations which enable them to 
grow in the saline soils and salt-laden air (Green et al., 2009).  Salt marsh communities only 
occur in certain estuaries and each community only consists of one or a few species. The broad 
patterns in species distribution (spatial and temporal) are associated with the prevailing patterns 
of tidal inundation, micro-elevation and salinity which determine their specific habitats within 
these systems (Adams et al., 1999; Colmer et al., 2008; Green et al., 2009). Three distinct 
habitats are recognised in South African salt marshes i.e. subtidal, intertidal and supratidal 
(Adams et al., 1992; Bornman et al., 2002). In each of these habitats, (recognized by colour and 
different plants types) the salt marsh plants reach their maximum abundance at different 
elevations (Adams and Ngesi, 2002). Supratidal salt marsh are found in the higher less 
frequently flooded areas (above mean high water spring) and therefore are characterised by low 
salinities and low sediment water content (Adams et al., 1992).  
 
This habitat consists of Sarcocornia pillansii, Puccinella angusta, Disphyma crassifolium and 
Plantago crassifolia (Adams et al., 1999); hygrophillous grasses such as Sporobolus virginicus, 
Stenotaphrum secundatum and Cynodon dactylon (Day, 1981; O„Callaghan, 1994; Adams et 
al., 1992) and the rush species Juncus kraussii Hochst and Juncus acutus L. (Day, 1981; O„ 
Callaghan, 1994). The intertidal habitat consist of Sarcocornia tegetaria, Triglochin bulbosa, 
Triglochin striata, Salicornia meyeriana, Cotula coronopifolia, Limonium sp., Bassia diffusa and 
Sueada inflata and occur in the mean high water neap to mean high water spring zone whereas 
the subtidal habitat consist of Spartina maritima located below mean sea level followed by 
Zostera capensis (Day, 1981; O„Callaghan, 1994; Adams et al., 1999).  
 
The growth rates and survival of salt marshes can be determined by flooding (causes 
waterlogging and on occasion submergence) and salinity (Colmer et al., 2008). In 1989 and 
1992 the mouth closure of the Great Brak estuary lead to an increase in water level which 
resulted in the dieback of Sarcocornia natalensis communities. The aforementioned dieback 
was related to the plant communities being inundated for longer than 2 months (Adams, 2008). 
Also according to the study conducted by Riddin and Adams (2008) In the East Kleinemonde 
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Estuary, similar results were recorded where the intertidal Sarcocornia perennis salt marsh died 
back after 3 months of inundation. The die back of intertidal vegetation may become a major 
source of organic matter to the estuary and nearby coastal ecosystems when tidal exchange is 
re-established or when the estuary is flushed (Snow and Taljaard, 2007; Taljaard et al., 2009a).  
Salt marsh exposed to prolonged inundation and flooding may suffer serious consequences 
such as inhibition of leaf growth, inhibition of stem extension, inhibition of photosynthesis, 
promotion of extension growth, senescence and reduced plant productivity (Jackson and Drew, 
1984).  Sacrcocornia perennis suffered injury through swelling of succulent shoot tissue due to 
high osmotic gradient for water entry at low salinities during 6 weeks of submergence (Adams 
and Bate, 1994c). Sarcocornia decumbens responded to prolonged inundation by slowing 
flowering and subsequent seed production.  The aforementioned is problematic, because even 
thought propagation is predominantly vegetative in salt marsh species, resident seed banks 
play an important role in the re-establishment of salt marsh communities when water levels drop 
after prolonged flooding, e.g. Triglochin and Sarcocornia spp. in the Great Brak Estuary.  In 
addition, in instances where tidal influences stops due to the estuary residing in the closed 
mouth state, the salt marsh are frequently colonised by other species such as reeds and 
sedges which grow under fresher and more inundated conditions (Adams, 2008).  
 
Salt marsh communities provide very important ecological functions for the estuarine 
ecosystems they occur in. Some of these functions include sediment stabilisation and bank 
protection; acting as a filter of sediment and pollutants (Adams et al., 1999; Abu Hena et al., 
2007) and providing feeding and shelter areas for both marine and estuarine organisms. In 
addition, salt marshes are also zones of nutrient production and retention and are important 
inorganic and organic nutrient sources. As the plant biomass decay on the marsh surface, its 
energy enters the estuarine food chain in as detritus, therefore providing a nutrient source to the 
estuarine ecosystem (Adams et al., 1999).  
 
In the Great Brak Estuary, the intertidal and supratidal salt marsh occurs at elevations between 
0.75 and 1.5 m+ amsl (Figure 2.3). The upper intertidal salt marsh occurs at elevations between 
1.25 and 1.5 m amsl and consists of a mixed zone of Sarcocornia decumbens, Limonium 
scabrum and Bassia diffusa. Sarcocornia tegetaria and Triglochin bulbosa are dominant 
between 0.75 and 1.25 m amsl. In the middle reaches of the estuary, Sarcocornia pillansii is the 
dominant supratidal species. Zostera capensis also occurs in the Great Brak Estuary, below 
mean sea level whereas Spartina maritime is absent. The latter species only occurs in 
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permanently open estuaries (Adams, 2008). In the lower reaches of the estuary, a rapid spread 
of the invasive, Spartina alterniflora, has occurred on the intertidal salt marsh. S. alterniflora is a 
grass species that originates from the Atlantic and gulf coast of North America (Riddin and 
Adams, 2009). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.3: Elevation profile of salt marsh species found in the Great Brak Estuary 
(Adams, 2008).  
 
 
2.6.7 Reeds and sedges  
 
Reeds, sedges and rushes are predominantly found in the freshwater or brackish water zones 
within estuaries. Rooted in the shallow subtidal substrata, they form an important component of 
the vegetation as they are typically the emergent plants lining the estuarine banks (Adams et 
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al., 1999).  Essentially reedbeds are detritus (shed leaves and dead stems) based ecosystems 
because their aerial components only account for a small proportion of the reed biomass 
(Cowie et al., 1992; Komínková et al., 2000; Bedford, 2005). The distribution and abundance of 
reeds and sedges in estuaries are influenced by the water depth and water level fluctuations.  
The plants are affected differently by submergence depending on the season. Nutrients are 
remobilised in autumn for spring growth. Therefore, submergence in autumn is prone to have a 
negative impact on the plants. On the other hand, submergence during spring would inhibit 
growth as this is when the new plants and shoots are established and leaves cannot 
photosynthesis underwater.  
Of all the other seasons, submergence during winter is the least severe as this is when the 
plants die back naturally. In temporarily open/closed estuaries, reeds usually increase in 
distribution and cover in response to sedimentation and shallowing of the estuary. Catchment 
disturbance are prone to sedimentation whereas development results in the disturbance of the 
estuary banks.  It has been observed in numerous small South African temporarily open/closed 
estuaries that reed cover are increasing at sites of storm water run-off, freshwater seepage and 
adjacent to fertilized lawns (Adams, 2008; Human and Adams, 2011). Emergent brackish water 
macrophytes have been used as artificial filters for sewage water because they have a large 
capacity for nutrient uptake. However, although these macrophytes have the ability to rapidly 
absorb the nutrient from the inflowing polluted water curtailing eutrophication, it has also been 
suggested that eutrophication may be promoted through the nutrient released during the 
decomposition of these macrophytes (Adams et al., 1999). 
The species that usually occur in freshwater zones are: Schoenoplectus littoralis (Schrad.) 
Palla; Typha capensis (Rohrb.) N.E. Br.; Cyperus laevigatus L. and Schoenus nigricans L. In 
the mid-reaches of an estuary, on parts of marsh that are occasionally flooded, Bolboschoenus 
maritimus (L.) Palla and Juncus kraussii Hochst are usually found. Phragmites australis (Cav.) 
Trin ex Steud and Schoenoplectus triqueter (L.) Palla grow in brackish zones with salinities of 
less than 15 ppt.  
S. triqueter can grow in deeper water and at slightly higher salinities than P. australis. The 
common reed P. australis is a rhizomatous reed species that forms dense beds in South African 
estuaries which have a gradient of decreasing salinity up the length of the estuary (Wortmann et 
al., 1997; Adams and Bate, 1999b). P. australis mainly form dense stands in the upper brackish 
reaches (<15 ppt salinity) of estuaries whereas in estuaries where P. australis are tidally 
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inundated with seawater (35 ppt), the plants occur at sites of freshwater seepage (Adams and 
Bate, 1999b). P. australis serves the valuable ecological function of protecting banks from 
erosion and purifying water (Wortmann et al., 1997; Adams et al., 1999). It also provides an 
important habitat from birds, invertebrate and fish and food for detrivores (Adams et al., 1999; 
Bedford, 2005). Evidently Phragmites-dominated marshes are considered a useful resource, 
because of their high productivity and the ecological function they provide (Wortmann et al., 
1997). In addition, it is able to withstand extreme environmental conditions including the 
presence of toxic contaminants such as heavy metals and harmful compounds such as 
herbicides. Therefore, P. australis is widely used in the construction of artificial wetlands for 
treatment of urban and industrial wastewaters containing heavy metals (Bonanno and Giudice, 
2010). In the Great Brak Estuary the reed beds, which comprise of Phragmites australis, form 
an important interface between the fresh and brackish habitats. It is likely that the P. australis 
reeds absorb excess nutrients from septic tanks and storm water run-off. The historic Pasveer 
ditch sewage plant discharged effluent into the estuary prior to 1993 via a Phragmites filled 
watercourse (Adams, 2008). 
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CHAPTER 3: MATERIALS AND METHODS 
This study focused on investigating the response of the phytoplankton, macroalgae and salt 
marsh in the Great Brak Estuary. Various other studies (Adams and Ngesi, 2003; Adams, 2008; 
CSIR, 2008; Snow, 2008; CSIR, 2010; CSIR, 2011) have been conducted by the Council for 
Scientific and Industrial Research (CSIR) and the Nelson Mandela Metropolitan University 
(NMMU) on the primary producers of this estuary. Therefore the same methods were used in 
this study as were used in the past in order to create a level of consistency when the necessary 
comparisons were made.  
 
3.1 Physico-chemical variables 
Measurements were made at nine sites along the length of the estuary (Figure 3.1a) at the 
surface and bottom of the water column using a YSI multiprobe. Seven sites were sampled in 
the estuary; in addition to this a sample was taken in the sea as well as in the river above the 
weir which separates the estuary from the river. Water column salinity, conductivity (EC), 
temperature (oC), dissolved oxygen (mg l-1), pH and water clarity (measured as Secchi depth 
and presented as a percentage of the Secchi depth in relation to the water column depth) were 
recorded monthly from April 2010 to April 2011. A water level recorder (K2H004) was installed 
on the railway bridge in 1989 by the Department of Water Affairs, South Africa. Water level 
recordings are logged every 12 min and these recordings are corrected for mean sea level. 
Average daily water levels (m above mean sea level) from this gauge were used for the study 
period. 
 
3.2 Nutrients 
Water samples for total oxidised nitrogen (TOxN), ammonium and soluble reactive phosphorus 
(SRP) analyses were collected monthly from April 2010 to April 2011 at the surface and bottom 
of the water column at nine sites along the length of the estuary (Figure 3.1a).  The bottom 
samples were only collected for the seven sites in the estuary using a 500 ml weighted pop-
bottle.  The reduced copper cadmium method as described by Bate and Heelas (1975) was 
used to analyse the water samples for TOxN and thereafter analyses for ammonium, SRP and 
silicate were done using standard spectrophotometric methods (Parsons et al., 1984).  
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Potential sites of nutrient input were identified as point sources along the length of the estuary 
in October 2010. Point sources were quantified through nutrient analyses of surface water 
samples collected (a) inside the potential point source; (b) outside the potential point source; 
and (c) in the deepest part of the channel of the estuary opposite the point source.Figure 3.1b 
indicates the location of the point source sites along the length of the estuary. Point source site 
1 represented run-off from the golf course area. Point source site 2 represented run-off from a 
storm water drain whereas point source sites 3, 4 and 5 represented run-off from the residential 
and commercial area i.e. Bergsig, Greenhaven and Wolwedans.  
3.3 Phytoplankton biomass 
Surface and bottom water samples were collected for water column chlorophyll a (chl a) as a 
measure of phytoplankton biomass at nine sites along the length of the estuary (Figure 3.1a). 
The bottom water samples were collected using a 500 ml weighted pop-bottle. The water 
samples were gravity filtered through plastic Millipore towers using Whatman (GF/C) glass fibre 
filters. The filters were kept cool in the field and then frozen once the sampling was concluded. 
The chlorophyll a was later extracted overnight in the laboratory with 10 ml of 95 % ethanol 
(Merck 4111) at 1 to 2 oC. The extract was filtered and the light absorbance of the supernatant 
read at 665 nm before and after the addition of 10% HCl, using a GBC UV/VIS 
spectrophotometer (GBC UV/VIS 916, GBC Scientific equipment Pty Ltd 1995). The equation 
used to calculate chlorophyll a was that of Hilmer (1990), derived from Nusch (1980): 
 
Chlorophyll a biomass (µg l-1) = (Eb665 - Ea665) × 29.6 × (v/(V × l)) 
 
Where: Eb665 = absorbance at 665 nm before acidification 
 Ea665  = absorbance at 665 nm after acidification  
 v  = volume of solvent used for the extraction (ml) 
 V  = volume of the sample filtered (l) 
 L = path of spectrophotometer cuvette (cm) 
 29.6 = constant calculated from the maximum acid ratio (1.7) and the specific 
absorption coefficient of chlorophyll a in ethanol (82 g.l-l. cm-1) 
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3.4 Phytoplankton Identification  
Surface water (200 ml) was collected from each site and preserved with 1 ml of 25% 
glutaraldehyde solution for phytoplankton identification. Two drops of Rose Bengal were added 
to 60 ml of preserved water samples and poured into a 26.5 mm internal diameter settling 
chamber (Lund chamber). The cells were left to settle for 24 hours before identification using a 
Zeiss IM 35 inverted microscope at the maximum magnification of X630.   
A minimum of 200 cells were counted for each sample and the cells were classified according 
to different microalgal groups namely flagellates, diatoms, dinoflagellates, cyanophytes (blue-
green algae), chlorophytes (green algae) and zooflagellates (flagellates with no visible 
chloroplast). The planktonic organisms that did not form part of these groups were categorised 
as “other”.  Cell density was calculated using the formula: 
Cells ml-1= ((π r2)/A) x C/V 
Where: r = radius of chamber 
 A = area of each frame (mm2) 
 C = number of cells in each frame  
 V = volume of sample in settling chamber (ml) 
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Figure 3.1: a) Location of the sampling sites for physico-chemical (environmental) 
variables, nutrients and microalgae and b) point source sites along the length of the 
estuary. 
 
 
 
 3.5 Macroalgae and Submerged macrophytes 
 
The Great Brak Estuary has seven of the nine distinct macrophyte community types recognised 
for estuaries, namely open surface water that supports phytoplankton; intertidal sand and 
mudflats that support intertidal benthic macroalgae; submerged macrophyte beds; macroalgae; 
intertidal salt marsh; supratidal salt marsh and reeds and sedges.  Before the construction of 
the Wolwedans Dam in 1989, the submerged macrophytes (Ruppia cirrhosa and Zostera 
capensis) coexisted with the macroalgae Caulerpa filiformis, in the deeper water below the 
Island Bridge (Morant, 1983). There have been changes in the estuary and since then and 
therefore this study assessed the macroalgae and submerged macrophyte cover monthly along 
a) b) 
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four permanent transects from April 2010 until April 2011 (Figure 3.2). The four transects were 
located within the lower reaches of the estuary as the submerged macrophytes were present in 
the shallow, quiet water. The length of the transects ranged from 75 to 310 m. Cover 
abundance (%) and water depth was measured in duplicate 1 m2 quadrats placed at 5 m 
intervals along the length of each transect.  Transect 3 is referred to in the next section as 
Transect B and has been used as a long-term monitoring site to assess the health of the salt 
marsh since 1989 before the construction of the Wolwedans dam. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2: The location of the physico-chemical sampling sites (S1-S4) and macroalgal 
and submerged macrophyte transects (T1-T4) in the Great Brak Estuary (adapted from 
Adams, 2008).  
 
 
3.6 Salt marsh macrophytes 
Salt marsh macrophyte cover was assessed seasonally along three permanent transects (two 
in the lower reaches and one in the middle reaches of the estuary) from April 2010 to April 
2011. An additional survey was conducted in February 2011 after the mouth was artificially 
breached for the first time in almost two years. The three transects ranged from 215 to 370 m in 
length (Figure 3.3). The cover abundance (%) of the salt marsh macrophytes and water depth 
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was measured in duplicate quadrats (1 m2) placed at 5 m intervals along the length of each 
transect.  Elevation profiles for the three transects were measured using Wild Heerbrugg 
Dumpy Level and referenced against MSL. The salt marsh transects used were the same as 
those used in long-term monitoring (1989, 1991, 1992, 1994, 1999, 2001, 2004, 2005, 2007 and 
2008) (Adams and Ngesi, 2003; Adams, 2008). The average percentage abundance cover of 
the total salt marsh species recored along Transect A and B respectively were  related to the 
number of calander days the mouth was open during September (previous year) to April from 
1989-2010.  
         
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3: The location of the physico-chemical Sampling sites (S2-S4) and the Salt 
marsh Transects (TA-TC) in the Great Brak Estuary (adapted from Adams, 2008).  
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3.7 Data analysis 
Prior to specific analyses, all data were tested for normality using Shapiro-Wilks test and for 
homogeneity of variance using Levene‟s test using Minitab (Version 13). Parametric analyses 
were done for normally-distributed data with homogenous variance, and non-parametric 
analyses for data that did not meet these conditions. 
3.7.1 The response of the physico-chemical variables and microalgae to the extended 
mouth closure 
Two-way Anova was used to test for significant differences between the sampling months and 
sites on the one hand and the water column variables (salinity, temperature, oxygen, pH and 
nutrients) and the microalgae on the other. A post hoc of comparison of significantly different 
means was done using Tukey‟s Honest Significant difference test. Pearson‟s Product Moment 
Correlation was used to determine the relationship between water column variables and the 
biotic characteristics. Macroalgae and submerged macrophyte cover was averaged over each 
transect for each month and the averaged data were used for statistical analysis in relation to 
water column variables. All analyses were done at α = 0.05. 
3.7.2 Phytoplankton biomass, macroalgae and submerged macrophyte cover abundance-
a comparison for the lower reaches 
Two-way Anova was used to test the effects of the months and sampling sites on macroalgae 
and submerged macrophytes, followed by a post hoc of comparison of significantly different (p 
< 0.05) means using Tukey‟s Honest Significant difference test. Pearson‟s Product Moment 
Correlation was used to test the relationship between primary producers and water column 
variables. Only the sampling sites situated in the lower reaches i.e. sampling sites 1 to 4 were 
included in this statistical analysis because the macroalgae and submerged macrophytes are 
dominant in the lower reaches of the estuary. Water column data were averaged for each 
sampling site because no vertical stratification was observed. Macroalgal and submerged 
macrophyte cover was also averaged over each transect for each month, for statistical analysis. 
Pearson Product Moment Correlation was also used to determine the relationship between the 
number of days the mouth was open during September (previous year) to April and the cover 
abundance of the submerged macrophytes from 1989-2010.  The months September to April 
were considered as water is released during spring / summer from the Wolwedans dam to keep 
the mouth open. 
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3.7.3 The response of macroalgae and salt marsh in the lower reaches of the estuary 
Kruskal-Wallis ANOVA was used to test the significant monthly differences in salt marsh cover 
per species per habitat. Nonparametric Spearman rank order correlation was used to determine 
the relationship between the salt marsh macrophyte cover and the physico-chemical 
(environmental) variables (DIN, DIP, salinity, temperature, water clarity and water level) in the 
lower reaches for the sampling period April 2010-April 2011. Correlation was also used to 
determine the relationship between the number of days the mouth was open during September 
(previous year) to April and the cover abundance of the salt marsh along Transects A and B 
from 1989-2010. Mann-Whitney U test was used to test for differences between the salt marsh 
species of Transect A and those of Transect B as well as to determine the difference between 
the submerged macrophyte species per transect. Statistical analysis was done using Statistica 
Version 10.1 (Statsoft Inc., 2011). All analyses were done at α = 0.05. 
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CHAPTER 4: RESULTS 
4.1 The response of the physico-chemical variables and microalgae to the extended 
mouth closure. 
4.1.1 Rainfall, runoff and water level 
During the study (April 2010-April 2011), the Great Brak Estuary was experiencing drought with 
very little rainfall within its catchment (Figure 4.1).  Although the rainfall for October and 
December 2010 was high and above 100 mm, most other months were below the historical 
average rainfall. Runoff was recorded at Station K2H006 situated just below the Wolwedans 
Dam and varied between 0.008 m3 x 106 in April 2010 to 0.006 m3 x 106 in April 2011 (Figure 
4.2). The water level in the estuary fluctuated from 0.9 m in April 2010 to 1.1 m MSL in April 
2011 (Figure 4.3). The maximum monthly water level recorded was 1.4 asml for November 
2010, December 2010 and January 2011, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1: Monthly rainfall for the Great Brak area (1878-2011). Historical mean monthly 
rainfall for 132 years is presented (mean + SE) and total rainfall for the sampling period 
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Figure 4.2: Total rainfall, mean monthly salinity and mean monthly runoff (m3 x 106) for 
the sampling periods April 2010-April 2011. 
 
 
 
 
 
 
 
 
 
Figure 4.3: Daily water level data (K2H004) for the sampling period April 2010-April 2011 
(DWA 2010; DWA 2011). Arrows represent the monthly sampling dates.  
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4.1.2 Salinity 
Salinity varied over time, with the highest readings in May 2010 (30 ± 0.2 ppt, p < 0.05). The 
lowest salinity was recorded in February 2011 (18 ± 0.8 ppt, p < 0.05) (Figure 4.4).  The estuary 
was slightly stratified as the bottom water was more saline (24 ppt, p < 0.05) compared to the 
top (Figure 4.5a).  Salinity varied significantly along the length of the estuary (p < 0.0.5, n = 84). 
Salinity was highest at Sites 1 (1.6 km) and 2 (1 km) (24 ± 1 ppt and 24 ± 0.8 ppt, p < 0.05) and 
the lowest at Site 7 (5.4 km) (21 ± 1.3 ppt, p < 0.05) (Figure 4.5b). Salinity was significantly 
negatively correlated with temperature (R = -0.52, p < 0.05) and water level (R = -0.63, p < 
0.05) (Figure 4.6). 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.4: Bars indicate mean monthly salinity (mean + SE) and the mean daily water 
level data recorded for the sampling period May 2010-April 2011.  
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Figure 4.5: Mean monthly salinity (mean + SE) recorded for a) the surface water column 
and the bottom water column and b) the sampling sites along the length of the Great 
Brak Estuary for the sampling period May 2010-April 2011.  
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Figure 4.6: Temperature and salinity recorded for the sampling period May 2010-April 
2011. 
4.1.3 Temperature 
There were seasonal trends in temperature, with significantly higher temperatures in the 
summer months, i.e.  January and February 2011 (26 ± 0.2 OC and 26 ± 0.3 OC, p < 0.05) 
compared to the winter months that is June 2010 (13 ± 0.2 OC, p < 0.05). No vertical 
temperature differences were recorded (p > 0.05, n =168) (Figure 4.7a) but temperature varied 
along the length of the estuary. Temperature was significantly higher at Site 7 (20 ± 1 OC, p < 
0.05) situated 5.4 km from the mouth in the upper reaches of the estuary, compared to Site 1 
(situated 1.6 km from the mouth) (18 ± 0.9 OC, p < 0.05) (Figure 4.7b).  
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Figure 4.7: Mean monthly temperature (mean + SE) recorded for (a) the surface water 
column and the bottom water column and (b) the sampling sites along the length of the 
Great Brak Estuary for the sampling period May 2010-April 2011. 
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4.1.4  pH 
Water column pH varied between months of sampling. The pH in March 2011 was significantly 
higher (8.15 ± 0.02, p < 0.05) while that in June 2010 was the lowest (6.07 ± 0.02, p < 0.05).  
No significant vertical difference in pH was recorded during the study (p > 0.05, n =168) (Figure 
4.8). However, pH levels varied along the length of the estuary. The pH at Sites 1(1.6 km) and 4 
(2.3 km) was statistically similar and significantly higher than that at Site 7 (7.25 ± 0.1, p < 0.05) 
(Figure 4.9). pH was significantly positively correlated with temperature (R = 0.48, p < 0.05) and 
negatively with salinity (R = - 0.39, p < 0.05) and dissolved oxygen concentrations (R = -0.3, p < 
0.05) (Figure 4.10). 
 
 
 
 
 
 
 
 
 
Figure 4.8: Mean monthly pH levels (mean + SE) for the surface water column and the 
bottom water column recorded for the sampling period May 2010-April 2011.  
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Figure 4.9: Monthly pH (mean + SE) recorded for the sampling sites along the length of 
the Great Brak Estuary for the sampling period May 2010-April 2011.  
 
 
 
 
 
 
 
 
 
Figure 4.10: pH and salinity recorded for the sampling period May 2010-April 2011. 
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4.1.5 Dissolved oxygen 
The dissolved oxygen concentration (DO) varied between months during the study (p < 0.05, n 
= 168). DO was significantly highest in June, July, August 2010 and April 2011 compared to the 
other months (p < 0.05). The DO in December 2010, January 2011, February 2011 and March 
2011 was significantly lower compared to the other months (p < 0.05).  There was a significant 
difference in the vertical distribution of DO (p < 0.05, n =168) as the DO concentration in the 
surface water was significantly higher (7.18   ± 0.1 SE mg l-1, p < 0.05) than that in the bottom 
water (Figure 4.11).  The DO concentration also varied along the length of the estuary and was 
significantly higher at Site 1, Site 3 and Site 4 (p < 0.05) (Figure 4.12). Dissolved oxygen was 
significantly positively correlated with salinity (R = 0.29, p < 0.05) and significantly negatively 
correlated with temperature (R = -0.77, p <0.05) and pH (R = -0.3, p <0.05) (Figure 4.13). 
 
 
 
 
 
 
 
 
 
 
Figure 4.11: Mean monthly dissolved oxygen concentrations (mean + SE) for the surface 
water column and the bottom water column recorded for the sampling period May 2010-
April 2011.  
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Figure 4.12: Mean monthly dissolved oxygen concentrations (mean + SE) recorded for 
the sampling sites along the length of the Great Brak Estuary for the sampling period 
May 2010-April 2011.  
 
 
 
 
 
 
 
 
 
 
Figure 4.13: Dissolved oxygen concentrations and salinity recorded for the sampling 
period May 2010-April 2011.  
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4.1.6 Water clarity 
The water clarity (Secchi disc) varied between months during the study (p < 0.05, n = 168). 
Water clarity is presented as a percentage of the secchi depth in relation to the water column 
depth (Astill and Lavery, 2004). Water clarity was significantly higher in May (100 ± 0 %, p < 
0.05) compared with the other months, while the water clarity in October 2010 and November 
2010 was significantly lower (32 ± 5 % and 43 ± 10 %, p < 0.05) (Figure 4.14). The water clarity 
also varied along the length of the estuary. Water clarity at Site 2 (95 ± 5 % p < 0.05, n= 91) 
was significantly higher and that at Site 5 (46 ± 7 % p < 0.05, n= 91) significantly lower 
compared to the other sampling sites (Figure 4.15). Water clarity was significantly positively 
correlated with salinity (R = 0.26, p < 0.05) and significantly negatively correlated with dissolved 
inorganic phosphorus (DIP) (R = -0.31, p < 0.05) and water depth (R = -0.65, p < 0.05) (Figure 
4.16). 
 
 
 
 
 
 
 
 
 
Figure 4.14: Mean monthly Secchi disc readings (mean + SE) recorded for the sampling 
period May 2010-April 2011.  
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Figure 4.15: Mean monthly Secchi disc readings (mean + SE) recorded for the sampling 
sites along the length of the Great Brak Estuary for the sampling period May 2010-April 
2011.  
 
 
 
 
 
 
 
 
 
Figure 4.16: Secchi disc readings and water depth recorded for the sampling period May 
2010-April 2011 
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4.1.7 Nutrients 
4.1.7.1 Dissolved inorganic nitrogen 
The dissolved inorganic nitrogen (DIN) concentration varied between months during the study 
(p < 0.05, n =108). DIN concentration was significantly higher in October 2010 and January 
2011 (23.1 ± 7.4 µM and 28.6 ± 7.7 µM respectively, p <0.05), while TOxN recorded in February 
2011 was significantly lower (5.2 ± 0.4 µM, p < 0.05) than in October 2010 and January 2011.  
DIN concentration also differed significantly along the length of the estuary (p < 0.05, n= 108). 
Sites 5 and 7 (p <0.05) had significantly higher DIN concentration than Sites Sea (0 km) and 
River (6.4 km) (p <0.05), which were significantly lower than Sites 5 and 7 (Figure 4.18). There 
were no significant differences in DIN concentration with depth (p > 0.05, n =192) (Figure 4.17). 
 
 
 
 
 
 
 
 
 
 
Figure 4.17: Mean monthly total dissolved inorganic nitrogen concentrations (mean + 
SE) for the surface and the bottom water column recorded for the sampling period May 
2010-April 2011.  
 
 
67 
 
0
5
10
15
20
25
30
0 1.6 1 1.8 2.3 3.4 4.7 5.4 6.4
D
IN
 c
o
n
c
e
n
tr
a
ti
o
n
s
 (
u
M
)
Distance from mouth (km)
 
 
 
 
 
 
 
Figure 4.18: Mean monthly total dissolved inorganic nitrogen concentrations (mean + 
SE) recorded for the sampling sites along the length of the Great Brak Estuary for the 
sampling period May 2010-April 2011.  
 
4.1.7.2 Soluble Reactive Phosphorus 
Soluble Reactive Phosphorus (SRP) concentrations did not vary significantly between months 
during the study period (p > 0.05, n = 192), but there was a significant difference with depth (p < 
0.05, n = 192) as the concentration in the bottom water was significantly higher (0.8 ± 0.3 µM, p 
< 0.05) compared to that in the surface water (Figure 4.19). SRP concentrations also varied 
along the length of the estuary with significantly higher concentration (1.5 ± 0.7 µM, p < 0.05) at 
Site 5 (3.4 km), and significantly lower concentration at Sites 1 (1.6 km) and 6 (4.7 km) (0.4 ± 
0.02 µM and 0.4 ± 0.06 µM, p < 0.05) (Figure 4.20). SRP concentrations did not correlate with 
salinity (p > 0.05, n = 192) (Figure 4.21), but there was a significant negative correlation 
between SRP concentration and dissolved oxygen concentration (R = - 0.16, p < 0.05) and 
water clarity (R = -0.31, p < 0.05). 
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Figure 4.19: Mean monthly soluble reactive phosphorus (SRP) concentrations (mean + 
SE) for the surface water column and the bottom water column recorded for the 
sampling period May 2010-April 2011.  
 
 
 
 
 
 
 
 
 
Figure 4.20: Mean monthly soluble reactive phosphorus (SRP) concentrations (mean + 
SE) recorded for the sampling sites along the length of the Great Brak Estuary for the 
sampling period May 2010-April 2011.  
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Figure 4.21: Soluble reactive phosphorus (SRP) concentrations and salinity recorded for 
the sampling period May 2010-April 2011. 
 
4.1.8 Point sources 
Five major point sources were identified (Figure 4.22) and quantified through nutrient analyses 
of surface water samples collected (a) inside the potential point source; (b) outside the potential 
point source; and (c) in the deepest part of the channel of the estuary opposite the point source. 
Dissolved Inorganic Nitrogen (DIN) concentration was highest at point sources 4 (~ 51 µM) and 
5 (~68 µM) situated in the upper reaches of the estuary, while the highest Dissolved Inorganic 
Phosphorus (DIP) concentration was recorded at point source 3 (~ 4 µM), situated in the middle 
reaches of the estuary (Figure 4.23[a] [b]). 
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Figure 4.22: Location of the major point sources along the length of the estuary. 
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Figure 4.23: a) DIN concentrations and b) DIP concentrations of the five major point 
sources identified in the Great Brak Estuary.  
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4.1.9 Phytoplankton biomass (Phytoplankton Chlorophyll a) 
Phytoplankton biomass and abundance are measured as chlorophyll a concentration in 
estuaries. The phytoplankton biomass varied between months during the study (p < 0.05, n = 
192). Phytoplankton biomass was significantly higher in May 2010, November 2010 and 
February 2011 (p < 0.05, Figure 4.24), and was lowest in July 2010, August 2010 and April 
2011 (Figure 3.24). Phytoplankton biomass did not vary significantly with depth or distance 
along the estuary (p > 0.05, n =192) [Figure 4.25(a) (b)]. Phytoplankton biomass was 
significantly positively correlated with water temperature (R = 0.26, p < 0.05) and significantly 
negatively correlated with dissolved oxygen concentration (R = - 0.35, p < 0.05). 
 
 
 
 
 
 
 
 
 
 
Figure 4.24: Mean monthly phytoplankton biomass (mean + SE) recorded for the 
sampling period May 2010-April 2011.  
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Figure 4.25: Mean monthly phytoplankton biomass (mean + SE) recorded for the a) 
surface water column and the bottom water column and b) sampling sites along the 
length of the Great Brak Estuary for the sampling period May 2010-April 2011.  
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4.1.10 Phytoplankton community composition 
The phytoplankton community composition is presented in Figures 4.26-4.29 (a-c). The 
following phytoplankton groups were identified: flagellates, diatoms, dinoflagellates, green 
algae, blue-green algae, large flagellates, coccolithophorids and zooflagellates. The planktonic 
organisms that did not form part of these groups were categorised as “other”. There were no 
significant differences within phytoplankton community groups between months (p > 0.05, n = 
192). However, there was a significant difference in the abundance of the different community 
groups. Flagellates were the dominant phytoplankton group compared to the other groups 
(21718 ± 3336 cells ml-1, p < 0.05). A summary of the groups is presented in Table 4.1.This 
represents the mean for all sampling sites and sampling trips. Diatoms were significantly 
positively correlated with phytoplankton biomass in April 2011 (R = 0.68, p < 0.05). Flagellates 
were significantly positively correlated with phytoplankton biomass in most other months (Table 
4.1). Diatoms were significantly positively correlated with temperature (R = 0.21, p <0.05) and 
pH (R = 0.24, p < 0.05); and significantly negatively correlated with salinity (R = -0.19, p < 0.05). 
There were significant positive correlations between flagellates and temperature (R = 0.24, p 
<0.005) and significant negative correlations with salinity (R = -0.25, p < 0.05) and total oxidised 
nitrogen (R = -0.19, p < 0.05). Dinoflagellates were significantly positively correlated with 
temperature (R = 0.34, p <0.005); and significantly negatively correlated with salinity (R = -0.22, 
p < 0.05), dissolved oxygen (R = -0.4, p <0.05) and total oxidised nitrogen (R = -0.15, p < 0.05). 
Blue-green algae were significantly positively correlated with temperature (R = 0.17, p <0.005) 
and pH (R = 0.19, p < 0.05); and significantly negatively correlated with dissolved oxygen (R = -
0.18, p < 0.05). 
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Figure 4.26 a-c: The mean phytoplankton biomass (µg l-1) and phytoplankton community 
composition (relative abundance, as a percentage ) per sampling site per sampling trip 
for (a) May 2010, (b) June 2010, (c) July 2010 (mean ± SE). 
a) May 2010 
b) June 2010 
c) July 2010 
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Figure 4.27 a-c: The mean phytoplankton biomass (µg l-1) and phytoplankton community 
composition (relative abundance, as a percentage) per sampling site per sampling trip 
for (a) August 2010, (b) September 2010, (c) October 2010 (mean ± SE). 
a) August 2010 
b) September 2010 
c) October 2010 
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Figure 4.28 a-c: The mean phytoplankton biomass (µg l-1) and phytoplankton community 
composition (relative abundance, as a percentage ) per sampling site per sampling trip 
for (a) November 2010, (b) December 2010; and (c) January 2011 (mean ± SE). 
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Figure 4.29 a-c: The mean phytoplankton biomass (µg l-1) and phytoplankton community 
composition (relative abundance, as a percentage) per sampling site per sampling trip 
for (a) February 2011, (b) March 2011; and (c) April 2011 (mean ± SE). 
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Table 4.1: The mean phytoplankton cell density  for all sampling sites and sampling trips 
identified during the study period May 2010-April 2011 (mean ± SE, n = 192).  Those 
months when there was a positive correlation (p < 0.05) with chlorophyll a and cell 
density are indicated, R value in brackets. 
 
 
 
 
 
 
 
 
 
 
Groups Cells ml
-1
 Months when there was a positive correlation with 
phytoplankton biomass 
Diatoms 1749 ± 454  April 2011 (0.68) 
Flagellates 21718 ± 3336 
June 2010 (0.51), September 2010 (0.72), October 2011 
(0.88), November 2011 (0.7), January 2011 (0.94), 
February 2011 (0.73) 
Dinoflagellates 705 ± 180  October 2010 (0.72), February 2011 (0.51), 
April 2011 (0.72) 
Blue-green algae 385 ± 144  - 
Green algae 59 ± 15  - 
Big flagellates 26 ± 12  - 
Zooflagellates 
Other 
39 ± 11 
537 ± 213 
October 2010 (0.84) 
June 2010 (0.56) 
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4.2 Phytoplankton biomass, macroalgae and submerged macrophyte cover abundance- a 
comparison for the lower reaches. 
Long-term monitoring data from 1989 allowed for a comparision of the changes in macrophyte 
cover over time. Since the construction of the Wolwedans Dam, there has been a decrease in 
submerged macrophyte cover. Submerged macrophyte cover was significantly positively 
correlated with the number of days the mouth was open during September (previous year) to 
April from 1989-2010 (R = 0.74, p < 0.05) (Figure 4.30). The data for 2010 / 2011 shows that 
there was no significant difference in cover abundance of the submerged macrophytes (Ruppia 
cirrhosa and Zostera capensis) between months (P > 0.05, n=49) (Figure 4.31), but there were 
significant differences in submerged macrophyte cover between transects (p < 0.05, n= 49). 
The cover abundance of the submerged macrophytes was significantly higher along Transect 3 
(12 ± 1 %, p < 0.05) and significantly lower along Transect 1 (4 ± 0.4 %, p < 0.05).  Total 
macroalgal cover abundance differed significantly between months (p < 0.05, n= 49). Dominant 
macroalgae included Caulacanthus ustulatus (Mertens ex Turner Kützing), Caulerpa filiformis 
(Suhr) Hering, Cladophora glomerata (Linnaeus) Kützing, Codium tenue (Kütze), Colpomenia 
sinuosa (Mertens ex Roth) Derbès and Solier, Ulva intestinalis Linnaeus, and epiphytic algae.  
The  total macroalgal cover in August 2010 was significantly higher (34 ± 0.8  %, p < 0.05) 
compared to all the other months while the macroalgal cover abundance in  May, October 2010 
and February 2011 were significantly lower than in August 2010 (Figure 4.31).  The total 
macroalgal cover abundance also differed significantly between transects (p < 0.05, n= 49). The 
total macroalgal cover abundance was significantly higher along Transect 2 (27 ± 2 %, p < 0.05) 
and significantly lower along Transect 3 (14 ± 0.8 %, p < 0.05).  
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Figure 4.30: The percentage of calendar days the mouth was open during September 
(previous year)-April and the submerged macrophyte cover abundance for the period 
1989-2010. 
 
 
 
 
 
 
 
 
 
Figure 4.31: Submerged macrophyte and total macroalgae cover abundance (%) 
measured over the sampling period May 2010-April 2011 (mean ± SE; n = 128). 
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Table 4.2 shows the mean values of the physico-chemical variables measured in the lower 
reaches of the estuary (Sites 1-4, Figure 3.2) during the study. Significant differences were 
found between months (Appendix 1) and correlated with phytoplankton biomass, macroalgae 
and submerged macrophyte cover (Figure 4.32). 
Table 4.2: Physico-chemical (environmental) variables of the lower reaches measured 
during the sampling period. Mean ± standard error (n = 52 for physico-chemical variables 
and nutrient concentrations) is presented.  
* Water column variables which are significantly higher or significantly lower in comparison to the other months (p < 0.05). 
 
Macroalgal cover was significantly positively correlated with water clarity (R = 0.33, p < 0.05), 
dissolved oxygen concentration (R =0.34, p < 0.05) and DIP concentration (R =0.28, p < 0.05) 
and negatively correlated with temperature (R = -0.44, p < 0.05) and phytoplankton biomass (R 
= -0.34, p < 0.05). Phytoplankton biomass was significantly negatively correlated (R = - 0.34, p 
< 0.05) to total macroalgae cover and water clarity (R = - 0.69, p < 0.05).  Salinity was 
significantly positively correlated with water clarity (R = 0.34, p < 0.05) and significantly 
negatively correlated with water temperature (R =- 0.48, p < 0.05).  
Month Salinity 
(ppt) 
Water 
clarity 
(%) 
Temperature 
(
o
C) 
Dissolved 
oxygen 
(mg l
-1
) 
Dissolved 
inorganic nitrogen 
concentrations 
(µM) 
Dissolved 
inorganic 
phosphorus 
concentrations 
(µM) 
April 32  ± 0.65 100  ±0* 16.1  ± 0.4 4.3  ± 0.1* 20  ± 0.4* 0.5  ± 0.05 
May 34  ± 0.95* 100  ± 0* 17.4  ± 0.2 6.5  ± 0.3 18.1  ± 1.9* 0.8  ± 0.1 
June 31  ±0 85.5  ± 8.8 13.1  ± 0.3* 9.6 ± 0.2* 23.7  ± 4.4* 0.4  ± 0.03* 
July 25  ± 0.14 100  ± 0* 13.7  ± 0.2*  9.1  ± 0.2* 9.3  ± 2.5 1.4  ± 0.2* 
August 24  ± 0.06 100  ± 0* 15.5  ± 0.4 9.2  ± 0.2* 8.6  ± 0.5 1.0  ± 0.1 
September 28  ± 0 70.8  ± 17.1 19.3  ± 0.4 8.5  ± 0.2* 9.7  ± 0.5 0.9  ± 0.1 
October 15  ± 2.43* 37.5  ± 4.5* 18.7  ± 0.1 6.8  ± 0.4 8.4  ± 1.2 1.2  ± 0.3 
November 23  ±  0 50  ± 14.2* 20.8  ± 0.2 7.1  ± 0.3 13.1  ± 3.4 1.1  ± 0.1 
December 
January 
February 
March 
April 
22  ± 0.25 
23  ± 0.5 
17  ± 0.7 
23  ± 0.65 
24  ± 0.5 
100  ± 0* 
100  ± 0* 
89.3  ± 7.8 
100  ± 0* 
100  ± 0* 
22.8  ± 0.4 
25.1  ± 0.3* 
25.7  ± 0.2* 
22.2  ± 0.2 
12.8  ± 0.1* 
5.7  ± 0.1 
5.9 ± 0.2 
5  ± 0.3* 
6.1 ± 0.3 
9  ± 0.1 
6.9 ± 0.9 
21.8 ± 6.5* 
5.7 ± 0.3* 
9.1  ± 1.7 
15  ± 1.6 
0.7  ± 0.1 
0.8  ± 0.04 
1.0  ± 0.5 
1.2  ± 0.2 
0.7  ± 0.05 
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In addition, DIN concentration was significantly positively correlated (R = 0.49, p < 0.05) with 
salinity, and DIP concentrations negatively with salinity (R = -0.41, p < 0.05).  Finally, dissolved 
oxygen was significantly negatively correlated with water temperature (R = -0.67, p < 0.05). The 
DIN, DIP, salinity and water clarity was not significantly influenced by rainfall. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.32: Submerged macrophyte and total macroalgae cover abundance and 
phytoplankton biomass (chlorophyll a) measured over the sampling period April 2010 to 
April 2011. Mean + standard error (n = 128 for cover abundance and n = 52 for 
phytoplankton biomass) is presented.   
 
 
 
84 
 
4.3 Response of macroalgae and salt marsh in the lower reaches of the estuary. 
The percentage cover (within a 1 m2 quadrat) of the salt marsh macrophytes, macroalgae, algal 
mats (dead macroalgae) and average water level during the sampling period for each transect 
and for each habitat in the Great Brak Estuary is shown in Figures 4.33 -4.36. The intertidal salt 
marsh habitat consisted of the salt marsh succulents Bassia diffusa, Sarcocornia decumbens 
and Triglochin striata. The supratidal salt marsh habitat consisted of the species Disphyma 
crassifolium, Juncus kraussii, Sarcocornia pillansii, Sporobolus virginicus and Stenotaphrum 
secundatum. The macroalgal habitat consisted predominantly of Cladophora glomerata 
(Linnaeus) Kützing. The macroalgae Caulacanthus ustulatus (Mertens ex Turner) Kützing and 
Ulva intestinalis L were also found, although they made up a small fraction of the total 
percentage cover of the macroalgal habitat.  There was a significant difference in cover 
abundance of the salt marsh macrophytes Sarcocornia decumbens and Sporobolus virginicus 
(n=65 and n=84, p < 0.05) during the different months.The percentage cover abundance of 
S.decumbens increased between April 2010 (15 ± 0.6 %) and August 2010 (29 ± 1.3 %) and 
decreased between August 2010 and February 2011 (13 ± 0.7 %) . The percentage cover 
abundance of S. virginicus decreased between August 2010 (18 ± 0.3 %) and December 2010 
(9 ± 0.4 %) and thereafter continued to decrease between December 2010 and February 2011 
(7 ± 0.2 %). Macroalgae (alive and dead) was also significantly different between months 
(n=118, p < 0.05).  The percentage cover abundance of the live macroalgae increased between 
April 2010 (0.6 ± 0.05 %) and December 2010 (18 ± 1.3 %) whereas the percentage cover of 
the dead macroalgae increased between August 2010 (0 ± 0 %) and February 2011 (20 ± 1.4 
%). 
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Figure 4.33: Cover abundance (%) of the a) salt marsh species and b) submerged 
macrophyte and macroalgae (mean + SE) recorded at Transect A during the sampling 
period April 2010-April 2011. 
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Figure 4.34: Cover abundance (%) of the a) salt marsh species and b) submerged 
macrophyte and macroalgae (mean + SE) recorded at Transect B during the sampling 
period April 2010-April 2011. 
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Figure 4.35: Cover abundance (%) of the a) salt marsh species and b) macroalgae (mean 
± SE) recorded at Transect C during the sampling period April 2010-April 2011. 
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Figure 4.36: Mean percentage cover abundance (%) of the salt marsh intertidal and 
supratidal habitats, macroalgal habitat (mean + SE) and water level (m amsl) recorded 
during the sampling period April 2010-April 2011. 
There was a significant positive correlation between S. decumbens cover and DIP 
concentration (r2 = 0.56, p < 0.05) and a significant negative correlation with dead macroalgae 
cover (r2= - 0.62, p < 0.05).  Dead macroalgae smothered the salt marsh causing die-back of S. 
decumbens. Increases in DIN concentration (r2 = 0.59, p < 0.05) and salinity r2= 0.55, p < 0.05); 
were concurrent with increases in cover of S. virginicus. Live macroalgae increased significantly 
in cover (r2 = 0.61, p < 0.05) with an increase in water level while dead macroalgae (r2= - 0.54, 
p < 0.05) were related to a decrease in water level.   
Change in salt marsh cover along Transect A (Figure 4.37)  showed a significant positive 
correlation with the number of days the mouth was open during September (previous year) to 
April from 1989-2010 (r2 = 0.83, p < 0.05; Figure 4.38). The salt marsh cover along Transect B 
showed no significant correlation with the number of days the mouth was open during 
September (previous year) to April from 1989-2010 (p > 0.05; Figure 4.39). 
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Figure 4.37: Mean percentage cover abundance (%) of the historical salt marsh data 
(mean + SE) for Transect A recorded from 1989-2011.  
 
 
 
 
Figure 4.38: The salt marsh cover abundance (%) and the percentage of calendar days 
the mouth was open during September (previous year)-April for the period 1989-2010. 
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Figure 4.39: Mean percentage cover abundance (%) of the historical salt marsh data 
(mean + SE) for Transect B recorded from 1989-2011.  
The cover of the salt marsh species Bassia diffusa (Figure 4.40), Triglochin spp (Figure 4.43) 
and Zostera capensis (Figure 4.45) showed no significant difference between Transect A and 
Transect B (n = 12, p > 0.05). The percentage cover of Sporobolus virginicus (Figure 4.42) and 
Ruppia cirrhosa (Figure 4.44) was significantly different between Transects A and B (p < 0.05). 
The percentage cover of S. virgnicus was higher along Transect A (41 ± 5 %) in comparison to 
Transect B (30 ± 3 %), and there was a significant positive correlation between cover of S. 
virginicus along Transect A and the number of days the mouth was open during September 
(previous year) to April from 1989-2010 (p > 0.05).  The percentage cover of R. cirrhosa was 
higher along Transect A (64 ± 7 %) compared to Transect B (16 ± 8 %). The percentage cover 
of R.cirrhosa was significantly different from that of Z. capensis along Transect A and Transect 
B (p < 0.05). The percentage cover of R. cirrhosa was higher along Transect A (64 ± 7 %) and 
the percentage cover of Z. capensis was higher along Transect B (41 ± 9 %). 
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Figure 4.40: Mean percentage cover abundance (%) of the historical Bassia diffusa data 
(mean + SE) for Transect A and B recorded from 1989-2011.  
 
 
 
 
 
 
 
 
 
Figure 4.41: Mean percentage cover abundance (%) of the historical Juncus kraussii data 
(mean + SE) for Transect A and B recorded from 1989-2011.  
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Figure 4.42: Mean percentage cover abundance (%) of the historical Sprobolus virginicus 
data (mean + SE) for Transect A and B recorded from 1989-2011.  
 
 
 
 
 
 
 
 
 
 
Figure 4.43: Mean percentage cover abundance (%) of the historical Triglochin spp.  data 
(mean + SE) for Transect A and B recorded from 1989-2011.  
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Figure 4.44: Mean percentage cover abundance (%) of the historical Ruppia cirrhosa data 
(mean + SE) for Transect A and B recorded from 1989-2011.  
 
 
 
 
 
 
 
 
 
 
Figure 4.45: Mean percentage cover abundance (%) of the historical Zostera capensis 
data (mean + SE) for Transect A and B recorded from 1989-2011. 
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CHAPTER 5: DISCUSSION 
The information on which management decisions are based is obtained through collecting 
quantitative and qualitative data on a regular basis on key elements and processes. Applicable 
and accurate data will greatly enhance the management decision. Therefore indicators are 
central to the process of monitoring because they represent quantifiable tools used to collect 
and focus information (McGwynne and Adams, 2004). Environmental indicators that would be 
effective enough to detect ecosystem changes would be indicators sensitive to all stresses 
placed on the ecosystem by population growth but which are resilient to natural deviations in 
the physical and biological environments (Heink and Kowarik, 2010). The selection of the 
appropriate ecological indictors is therefore of fundamental importance.  Thus the objective of 
this study was to investigate the response of the salt marsh, macroalgae and microalgae 
simultaneously to identify which primary producers were the best indicator of the health of the 
Great Brak Estuary. 
  
5.1 The response of the physico-chemical variables and microalgae to the extended 
mouth closure. 
5.1.1 Salinity 
Mouth closure, a change in the river flow and droughts may result in large changes in the 
salinity regime within estuaries. Droughts can severely decrease the flow of freshwater into the 
estuary to such an extent that the freshwater supply is unable to counteract evaporation. The 
Southern Cape region was experiencing a prolonged drought condition, as indicated by the 
below average rainfall during this study. Due to the high water demand, no freshwater releases 
were made from the Wolwedans Dam over Spring/Summer of 2009 and 2010. However, on 1 
February 2011, after some rainfall within the catchment, the mouth of the Great Brak Estuary 
was artificially breached for the first time in almost two years. Unfortunately, as a result of low 
river flow together with the longshore movement of sediment in the surf zone, the mouth closed 
again on 17 February 2011. The mouth of the Great Brak Estuary remained closed for the 
remainder of the sampling period.  
According to DWA (2009) the mouth usually closes at 1 m MSL with average salinity varying 
between 25-35 ppt. Only the months May-July 2010 and September 2010 fell within the 
historical salinity range. Salinity for August 2010, October 2010-January 2011 and May-April 
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2011 ranged between 20-24 ppt, below the historical range for salinity during the closed mouth 
state. The current study showed that salinity decreased with increasing water temperature and 
water level. A change in water temperature will change the density of the estuarine water. 
According to Schumann et al., (1999), a change in water temperature from 5 to 25 oC will 
change the density of water with a salinity of 35 ppt by 0.006 kg-3. On the contrary, a change in 
salinity from 0 to 30 ppt will change the density of water by 0.027 kg-3 (Schumann et al., 1999). 
Therefore, an estuary can gradually change into a homogenous, brackish water body because 
of the entrainment of freshwater into the more saline bottom layer and the effect of wind mixing 
(Snow and Taljaard, 2007). In addition, the water level in the estuary gradually increased from 
0.9 m in April 2010 to 1.1 m MSL in April 2011 and because water level is the function of the 
inflowing river water, the increase in water level recorded during the May 2010-April 2011 
sampling period is indicative of a low but continued inflow of river water into the Great Brak 
Estuary.  
The lowest salinity was recorded during February 2011, as a result of river inflow in the upper 
reaches. A total volume of 700 000 m3 was released from the Wolwedans Dam on the 1 of 
February 2011 after the mouth of the Great Brak Estuary was artificially breached. An additional 
195 000 m3  was released from the Wolwedans Dam over the neap tide period in order to 
prevent the mouth from closing (CSIR, 2011). The mouth only remained open for 16 days. 
According to the DWA (2009), after mouth closure the estuary will typically reside in the marine 
dominated state and salinity will range between 20-35 ppt.  Results from the current study show 
that there is an initial dilution to below these levels, before equilibrium is reached (May 2011 to 
20 ppt and April 2011 to 21 ppt). It has been reported that as a result of the bathymetry of the 
estuary and the construction of the Charles Searle bridge, a small amount of river inflow in the 
upper reaches can easily decrease the salinity to below 20 ppt (DWA, 2009).  
The Great Brak Estuary was slightly stratified both horizontally and vertically for the duration of 
the sampling (May 2010-April 2011). This may be as a result of the low volume of inflowing river 
water which permits some salinity stratification (Snow and Taljaard, 2007) but would also 
depend on the degree of wind mixing (DWA, 2009).  
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5.1.2 Water temperature 
The water temperature during the study (May 2010-April 2011) ranged between 13-16 oC in 
winter and 23-26 oC in summer. Water temperature of estuaries tends to be a function of 
seasonal trends in atmospheric temperature (Snow and Taljaard, 2007). Past data indicated 
that the summer temperature of the Great Brak Estuary ranges between 20-29 oC and the 
winter temperatures between 13-19 oC (DWA, 2009). In this study the water temperature varied 
along the length of the estuary but was significantly highest at Site 7 (5.4 km) which is situated 
in the upper reaches of the Great Brak Estuary and is fairly shallow with depth less than 1.6 m.  
The shallow depth facilitates mixing of warmer surface water with bottom water. In addition, 
there is less direct interaction with incoming sea water.  It has been shown that the water 
temperature in an estuary can be moderated by the seawater brought in by the tides. However, 
during the summer months, if tidal flushing ceases water temperatures of the marginal, shallow 
areas may rise (Schlacher and Wooldridge, 1996).  
 
5.1.3 pH 
The pH value for the months May 2010 and July 2010-April 2011 was within the historical range 
of 7 and 8.3 seldom dropping to 6.5. Geological influences and biotic activities determine the pH 
of natural waters (Davies and Day, 1998). Rivers in the Southern Cape region are acidic (pH of 
4 to 6) as the rivers drain Table Mountain quartzite rich in humic acids originating from the 
typical vegetation found in these soils (Snow and Taljaard, 2007; Taljaard et al., 2009b). 
However, the pH of the estuaries found within this region tends to be very stable (Whitfield and 
Lubke, 1998) ranging within 7.0 to 8.5 (Snow and Taljaard, 2007). This is because seawater 
provides a strong buffering capacity to estuaries and therefore pH is slightly alkaline (pH 
approximately 8) even though many of the regions‟ rivers are acidic (Whitfield and Lubke, 1998; 
Snow and Taljaard, 2007).  The pH of the Great Brak Estuary dropped below 6.5 during the 
month of June 2010 when there was above average rainfall and the pH was influenced by the 
river inflow.  At the same time water level increased from 0.9 m MSL in May 2010 to 1.03 m 
MSL in June 2010.   
The pH values of the Great Brak Estuary indicated a significant positive relationship with 
temperature and a significant negative relationship with salinity and dissolved oxygen. The pH 
levels in estuaries are closely related to salinity changes, photosynthetic processes, and 
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dissolved oxygen cycles (Ringwood and Keppler, 1999). The major source of oxygen in the 
Great Brak Estuary, was the photosynthetic processes of the macroalgae as cover was 
significantly positively correlated with dissolved oxygen during the period May 2010-April 2011. 
According to Ringwood and Keppler (1999), during the night the highly productive systems 
make use of oxygen and produce CO2 which results in low pH conditions during the night-time 
and very early morning hours. Sampling of the Great Brak Estuary was predominantly 
conducted in the early mornings which could explain the negative correlation between pH and 
dissolved oxygen.  
The negative relationship between pH and salinity could be explained by the lower river inflow 
for most of the sampling period.  According to the conceptual model of Snow and Taljaard 
(2007), a decrease in salinity should result in a decrease in pH related to the acidic properties of 
the river water in the Southern Cape region. The pH in the lower reaches was higher whereas 
that in the fresher upper reaches was low. 
 
5.1.4 Dissolved oxygen 
The water column of the Great Brak Estuary was well oxygenated during the period May 2010-
April 2011. Multiple physical (current advection and turbulent mixing) and biochemical 
processes (re-aeration, oxidation due to carbonaceous biochemical oxygen demand, 
phytoplankton photosynthesis and respiration, nitrification, sediment oxygen demand and 
bacterial respiration) control the temporal variability and spatial variance of dissolved oxygen in 
estuaries (Zheng et al., 2004). In the Great Brak Estuary during periods of vertical stratification 
and long residence times, it has been found that the oxygen levels drop below 4 mg l-1 in the 
deeper parts (> 1.4 m) of the estuary (DWAF, 2008a). However the DO concentrations 
recorded for this entire sampling period were above 4 mg l-1.  Concentrations of DO were 
significantly higher in June, July, August 2010 and April 2011 compared to the other months 
and could be related to macroalgal blooms at this time. Dissolved oxygen is a function of the 
amount of algae in the water column and Adams (2008) found that the total dissolved oxygen in 
the water column was directly influenced by the rate of photosynthesis which increased 
concentrations to 9 mg l-1. This study supported these results as the cover of the floating 
macroalgae was positively correlated with the mean monthly dissolved oxygen concentrations.  
The macroalgae Caulacanthus ustulatus, Cladophora glomerata, Codium tenue, Colpomenia 
sinuosa and Ulva intestinalis were dominant in the Great Brak Estuary in July to September 
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2010, December 2010 to Jaunuary 2011 and during the month of April 2011.  This indicates that 
the main source of oxygen was the photosynthetic processes of these macroalgae.  
Cover abundance of the macroalgae in the Great Brak Estuary was negatively correlated with 
temperature, indicating that macroalgae blooms occurred in winter when the mouth of the 
estuary was closed. The DO concentrations were significantly negatively correlated with 
temperature; a reduction in oxygen concentrations during summer is a standard feature of 
estuarine water quality (Attrill and Power, 2000), because at high temperatures the solubility of 
oxygen decreases (Abowei, 2010). Dissolved oxygen was also significantly positively correlated 
with salinity.Salinity is one of three primary growth-regulating factors influencing the large-scale 
patterns of distribution and abundance of macroalgae (Krause-Jensen et al., 2004). Macroalgal 
blooms occur at salinity between 23 and 28 ppt (Yang et al., 2009). This was the salinity range 
between July and September 2010 when macroalgae were dominant. Macroalgal cover 
reached its peak in August (34 %) and thereafter decreased in to October 2010 as a result of 
algal decomposition (Kinney and Roman, 1998). According to Gulbelit and Berezina (2010) 
during the algal decomposition process, the habitats underlying the layers of filamentous 
macroalgae experience a temporal oxygen deficiency (Gulbelit and Berezina, 2010). This could 
account for the lowest mean monthly DO concentrations in December 2010 to March 2011. This 
situation could also be attributed to long water residence times, persistent stratification and 
organic loading. This shows that the status of macroalgae in the estuary can be effective in 
predicting water quality with respect to DO. 
 
5.1.5 Water clarity 
The lowest water clarity recorded in the Great Brak Estuary was in October and November 
2010 and was related to an increase in freshwater flow and a decrease in salinity. In the month 
of October the catchment received 124.5 mm of rainfall. Because of the ongoing development 
in the river catchment and surrounding banks of the Great Brak Estuary (DWA, 2009), the 
suspended silt loads caused a decrease in water clarity.   Water clarity is influenced by an array 
of different environmental variables such as the levels of suspended particles, colloidal material 
and coloured, dissolved organic matter present in the water column, bottom sediment 
composition, water depth and wind-mixing (Whitfield and Lubke, 1998; Snow and Taljaard, 
2007; Taljaard et al., 2009b). In South Africa, the turbidity of seawater entering estuaries along 
the cool and warm temperate regions is usually relatively low (Snow and Taljaard, 2007; 
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Taljaard et al., 2009b). The turbidity of river water, on the other hand, depends on the geology 
of the catchment and practices within it (Snow and Taljaard, 2007; Taljaard et al., 2009a).  The 
inflow of river water affects turbidity either by bringing in suspended particles or dissolved 
humics. The inflow of river water can also affect turbidity by modifying turbulence (mixing depth) 
altering the extent to which particles are maintained in suspension (Adams et al., 1999). 
Suspended silt loads released into estuaries typically increase during rainfall or flooding events 
(Snow and Taljaard, 2007).  
 
5.1.6 Nutrient dynamics 
Nutrient dynamics within estuaries are influenced by the source water (river, sea and/or 
groundwater) and physical (evaporation and adsorbtion-desorption processes) and biological 
(nitrification/denitrification, mineralization and biological uptake) processes (Snow and Taljaard, 
2007). The Great Brak Estuary is a black water system which in its natural state would have 
been oligotrophic (DWA, 2009) with low DIN (3 to 11 µM) andr DIP concentrations (0.6 µM, 
Morant, 1983). However, due to development in the river catchment and surrounding 
development on both banks of the estuary the nutrient inputs and organic loads to the estuary 
have increased.  Nutrients can also be generated in situ through remineralisation (Lillebo et al., 
2005; DWA, 2009). The aforementioned is associated with increased accumulation of organic 
matter as a result of the marked reduction in flooding or “resetting” (DWAF, 2008a). During this 
study, the months of October 2010 and January 2011 had significantly higher DIN 
concentrations compared to other months, while February 2011 had the lowest DIN 
concentrations. According to the historical data, the DIN concentrations are likely to range 
between 7 and 14 µM during the closed mouth state (DWA, 2009). However, the months 
October 2010 and January 2011 exceeded the historical range. The DIP concentrations on the 
other hand, did not differ between months. DIP concentrations ranged between 0.3 and 1.5 µM 
and were therefore below the historical range of 1.6 to 3.2 µM for the closed mouth state (DWA, 
2009). What the results show is that inflowing water and hence resident biota were richer in DIN 
than previously. According to Snow and Taljaard (2007), there is often a relationship between 
nutrient flux and the biological response. The net effect of the rate at which nutrients are taken 
up by primary producers and the rate at which they are regenerated or replaced at that specific 
position is reflected by the measurements of the DIN and DIP concentrations in the water 
column. Therefore, a very low nutrient concentration could indicate that a specific nutrient has 
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been depleted from the water column. On the other hand, it could simply be the net result of a 
very rapid uptake by primary producers, loss to the atmosphere (e.g. denitrification) and slow 
remineralisation of the nutrient for example due to limited organic loading (Snow and Tajaard, 
2007). Concentrations of DIN and DIP did not indicate a significant linear relationship with 
salinity or rainfall during the period of May 2010-April 2011. According to DWA (2009), DIN 
concentrations rarely became depleted even during periods of extended mouth closure under 
the closed state due to in situ remineralisation processes which are associated with long 
residence time and high organic loading from activities along the bank. Similarly, DIP 
concentrations were also associated with in situ remineralisation processes (DWA, 2009). 
These concentrations indicated a significant negative correlation with dissolved oxygen 
concentration and water clarity. The remineralisation of organic matter results in an increase in 
the respiratory levels of the bottom water and sediment.This leads to the depletion of oxygen 
(Baustian et al., 2011). Hypoxic and high saline conditions cause a release of nutrients (typically 
phosphorus and ammonium) from the sediment (Taljaard et al., 2009a). Therefore, DIN and DIP 
concentrations measured during May 2010-April 2011 were related to biological activity and 
mineralisation of organic matter within the estuary.  
Five major point sources of nutrient input were identified along the length of the Great Brak 
Estuary and quantified with water quality analyses. Point sources 4 and 5 located in the upper 
reaches of the estuary had the highest contributors of DIN whereas point source 3 located in 
the middle reaches of the estuary was the highest contributor of DIP into the estuary. It has 
been reported that point sources provide a constant nutrient input throughout the year (Davies 
and Koop, 2006; De Villiers and Thiart, 2007) and contribute to primary and secondary 
production (Flemer and Champ, 2006). The Great Brak area received above average rainfall in 
October and December 2010. The results indicated that the DIN concentrations in the Great 
Brak Estuary peaked in October 2010 and January 2011.  DIN concentrations differed 
significantly along the length of the estuary and the highest DIN concentration was recorded at 
Site 5 (3.4 km) and Site 7 (5.4 km). The lowest DIN concentration was recorded at Site sea (0 
km) and Site river (6.4 km) that represented the sea sampling site and river sampling site, 
respectively. The high DIN concentration within the estuary reflected other external sources and 
in-situ processes. Site 5 (3.4 km) the deepest site (> 5 m) within the estuary was opposite point 
source 3. Site 7 (5.4 km) on the other hand, a shallow site (> 1 m), was situated opposite point 
sources 4 and 5 which were both found to be a major sources of DIN. DIP concentrations also 
varied along the length of the estuary as concentrations were the highest at Site 5 (3.4 km). 
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Point source 3 was identified as a major contributor to the DIP concentrations into the estuary. 
The five major point sources identified along the length of the Great Brak Estuary contributed to 
the nutrient load into the estuary in October 2010 and January 2011 after sufficient rainfall was 
received within the catchment in October 2010 and December 2010.  There was adequate 
evidence to support the hypothesis that point sources introduced nutrients to the Great Brak 
Estuary during rainfall periods.  
 
5.1.7 Response of microalgae 
Phytoplankton including prokaryotic cyanobacteria and eukaroytic algal groups constitute the 
largest fraction of the primary production in estuaries. They are free floating, unicellular, 
microscopic nonvascular plants which occur suspended in the water column (Adams and Bate, 
1999a; Chuks and Wim, 2010) and can contribute up to 50% of total estuarine autochthonous 
primary production (Anandraj et al., 2007). The increase in the nutrient concentrations and 
organic loads into the Great Brak Estuary because of the development in the river catchment 
and on both banks surrounding the estuary are expected to have increased phytoplankton 
biomass compared to natural pristine conditions. According to historical data the average 
phytoplankton chlorophyll a, measured during eight sampling sessions from 1990 to 2008, 
ranged from 0.9 to 3.5 µg l-1. This study showed that the months of May 2010, November 2010 
and February 2011 had the highest chlorophyll a concentrations (p < 0.05) ranging between 9.6 
- 10.8 µg l-1 which was well above the historical range. The months July 2010, August 2010 and 
April had the lowest chlorophyll a concentrations ranging between 2.3-2.8 µg l-1. The chlorophyll 
a concentrations also indicated a significant positive relationship with temperature and a 
significant negative relationship with dissolved oxygen. 
Phytoplankton biomass likely responded to nutrients remineralised during the period May 2010-
April 2011 and to nutrient input from freshwater pulses in October 2010 and February 2011. A 
study on the temporarily open/closed Mngazi Estuary (Snow and Adams, 2007), found that a 
reduction in the frequency and intensity of floods would decrease the availability of nutrients for 
microalgae (particularly phytoplankton). However in the Great Brak Estuary, the development in 
the river catchment and on both banks surrounding the estuary increases nutrient 
concentrations and organic loads into the estuary.  This stimulates phytoplankton growth which 
in the estuary‟s natural state would have been nutrient limited.  
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In October 2010 the catchment received 124.5 mm of rainfall. This was the first time the 
catchment received rainfall above 100 mm. The five point sources sampled during the month of 
October 2010, contributed significantly to the nutrient load into the estuary. Taljaard (2011) 
suggested that during extended periods of low or no rainfall organic matter will accumulate. 
Thus during the first significant amount of rainfall within the catchment, point sources will initially 
introduce high organic loads into the water bodies contributing significantly to the nutrient load. 
Thereafter, the organic load will subside to a constant but low input (S.Taljaard, pers.comm., 
2011). In February 2011, a freshwater pulse was released from the Wolwedans Dam in order to 
artificially open the mouth of the estuary.  The nutrients transported into the Great Brak Estuary 
contributed to the above historical average (> 3.5 µg l-1) increase in the water column 
chlorophyll a concentration as recorded in November 2010 (10.4 µg l-1) and February 2011 (9.6 
µg l-1). A study on the Swartvlei Estuary and Lake showed that after a freshwater pulse and 
subsequent river flow, phytoplankton biomass maxima developed within 20 days after a flood at 
the river-lake interface as well as persisted and increased after a further four weeks (Snow, 
2007).  
Phytoplankton biomass increased when the macroalgae cover was low in the system. 
Opportunistic macroalgal species are able to out-compete the large perennial macroalgal 
species, submerged macrophytes and phytoplankton by taking advantage of the nutrient inputs 
as well as by smothering the other plants (Flindt et al., 1999; Thomas et al., 2005; Scanlam et 
al., 2007).  These were dominant in the Great Brak Estuary during winter. Therefore, the 
phytoplankton blooms were restricted to summer blooms because of the smothering/shading by 
the macroalgal blooms in winter.  The first stage of water quality degradation associated with 
eutrophication is the presence of chlorophyll a (measurement of phytoplankton biomass and 
abundance) and macroalgae at high levels (Bricker et al., 2008). 
Flagellates were the dominant phytoplankton group and were positively correlated to 
phytoplankton biomass and dominant in the estuary in June 2010, September-November 2010 
and January-February 2011. This is consistent with previous findings. In July 2007, a study 
conducted by Snow (2008) found that flagellates were the dominant phytoplankton during the 
closed mouth state. Flagellates and dinoflagellates are able to propel themselves to the surface 
water for optimal light exposure during the day and into nutrient rich bottom water during the 
night. Diel vertical migration patterns are, therefore, commonly associated with this 
phytoplankton community. Additionally, long residence times and long periods of stratification 
resulting from a lack of tidal flushing, allow enough time for dozens of cell doublings. During the 
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study, diatoms were positively correlated with phytoplankton biomass and dominant in April 
2011. Diatoms, however, lack motility and are usually negatively buoyant. Therefore, this 
phytoplankton community requires turbulence to maintain its position within the phototic zone 
(Hall and Paerl, 2011). Noxious blooms of cyanobacteria (blue-green algae) and dinoflagellates 
are dominant in stratified aquatic systems characterised by high nutrient concentrations and 
short water residence time. Dinoflagellates were positively correlated with phytoplankton 
biomass and dominant in October 2010, February 2011 and April 2011. Dinoflagellates are 
often associated with brackish water. Therefore a nutrient rich stratified water column and low-
turbulence will favour the growth of the autotrophic dinoflagellates (Sellner et al., 2001), as was 
recorded during this study.  
The dominant phytoplankton community groups i.e. diatoms, flagellates, dinoflagellates and 
blue-green algae were significantly positively correlated with temperature. As previously 
mentioned, summer phytoplankton blooms are associated with the particular temperature-
dependence of the maximum photosynthetic rate and the low light availability as a result of the 
smothering/shading by the macroalgal blooms in winter (Carr et al., 1997; Muylaert and 
Vyverman, 2000). Diatoms and blue-green algae were significantly positively correlated with 
pH. The concentrations of carbonates are predominantly used to determine the pH values and 
dissolved CO2 is also involved in the respiration and photosynthesis of plants and the 
respiration of animals (Schimtt et al., 2008). Therefore primary production from algal blooms 
can result in an increase in the pH levels (Elsdon et al., 2009). Diatoms, flagellates and 
dinoflagellates were significantly negatively correlated with salinity. Pednekar et al., (2011) 
found that diatoms and dinoflagellates blooms occurred in the Mandovi Estuary along the west 
coast of India as a result of a decrease in salinity and increase in nitrate concentrations caused 
by rainfall and runoff. The Great Brak Estuary gradually became fresher as a result of 
entrainment and the low but continued freshwater input from the river. Therefore, the reduced 
salinity evidently favoured the growth of the phytoplankton groups. Flagellates and 
dinoflagellates were significantly negatively correlated to total oxidized nitrogen. According to 
Hall and Paerl (2011), N-limited resident flagellate community was found to migrate between 
the depleted DIN surface waters to more nutrient (DIN) rich bottom water at night to enhance 
production and growth. Therefore the flagellate community was able to dominate the lower 
reaches of the Neuse River Estuary especially in summer when N-limitation is at its greatest 
(Hall and Paerl, 2011). Additionally, when phytoplankton blooms occur the nutrient 
concentrations in the aquatic environment significantly decrease because it is being 
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transformed into biomass. The species growth is limited at the end of the bloom by the nutrient 
availability (Popovich et al., 2008). Similarly, the flagellate and dinoflagellate community in the 
Great Brak Estuary increased in response to the available total oxidised nitrogen which 
correspondingly decreased. Dinoflagellates and blue-green algae were significantly negatively 
correlated with dissolved oxygen. Dinoflagellates and cyanobacteria are more abundant in 
nutrient rich water (Ohrel and Register, 2006) and the highest nutrient concentration in the 
Great Brak Estuary was recorded in summer which corresponded with lower DO levels.  
Therefore, as a result of the long residence time associated with the closed mouth phase and 
the slightly stratified condition of the Great Brak Estuary in response to the prolonged drought, 
the flagellated phytoplankton were dominant due to their ability to migrate vertically between the 
surface and bottom water. Similar results were found in the Great Brak Estuary in July 2007 
(Snow, 2008) and in the Mdloti Estuary during the closed mouth phase (Anandraj et al., 2008). 
Changes in algal dominance from diatoms to flagellates are an additional symptom of 
eutrophication (Flindt et al., 1999).  
One of the hypothesis stated that “the microalgal biomass will increase in response to nutrient 
input from freshwater pulses; after a freshwater pulse there will be an increase in the richness 
of microalgal groups”. This hypothesis was supported by the field data. Microalgal biomass 
increased in response to nutrients remineralised during the sampling period May 2010-April 
2011, freshwater pulses in October 2010 and February 2011 and was only able to increase 
when the macroalgae cover was low in the system. This resulted in the microalgal groups to be 
dominated by only the flagellate community because of their morphological ability to migrate 
vertically.Both flagellates and dinoflagellates are associated with long residence times and 
nutrient rich conditions and therefore are good indicators of nutrient enrichment (Bricker et al., 
2008; Hall and Pearl, 2011) in the Great Brak Estuary while if diatoms predominalte they would 
indicate turbulent and nutrient poor conditions (Ohrel and Register, 2006). 
5.2 Phytoplankton biomass, macroalgae and submerged macrophyte cover abundance- a 
comparison for the lower reaches. 
The Great Brak Estuary is an important system for biodiversity as it supports intertidal habitats 
particularly salt marsh and Zostera capensis beds, especially during open mouth conditions 
(Wortmann et al., 1998; DWAF, 2008a). However, since the construction of the Wolwedans 
Dam in 1989, there has been a decrease in submerged macrophyte cover as a result of 
reduced river inflow resulting in the mouth of the Great Brak Estuary remaining open for shorter 
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periods (number of days) during spring/summer from 1989-2010. However, on 7 July 2009 
(CSIR, 2009) the mouth of the Great Brak Estuary closed and remained closed for 573 days 
(CSIR, 2010) before it was artificially breached on 1 February 2011. Following this breaching 
event, the mouth only remained open for a brief period of 16 days after which it closed once 
again as a result of the low river inflow and longshore sand movement in the surf zone. 
Thereafter, the Great Brak Estuary remained closed for the remainder of the sampling period.  
Phytoplankton biomass was high when macroalgal cover was either low or decreasing while the 
cover abundance of the submerged macrophytes (Ruppia cirrhosa and Zostera capensis) did 
not differ significantly between months for the duration of the sampling April 2010-April 2011. It 
was expected that the cover abundance of submerged macrophytes would indicate a significant 
increase during the growing seasons of spring and summer (Adams et al., 1999). Compared to 
submerged macrophytes, macroalgae were dominant in the estuary for the majority of the 
sampling period April 2010 to April 2011 while phytoplankton blooms were only dominant when 
macroalgal cover decreased. Macroalgae grow rapidly in response to nutrient input and out-
compete other primary producers (Kinney and Roman, 1998; Flindt et al., 1999; Berglund et al., 
2003; Thomas et al., 2005).  
As mentioned earlier (see page 99) five major nutrient point sources were identified along the 
length of the Great Brak Estuary, and also quantified. Results indicated that macroalgae 
dominated the estuary in response to excess nutrient input for the majority of the sampling 
period.  Taljaard et al., (2009a) conducted a study in July 2008 and found that the DIN and DIP 
concentrations in the Great Brak Estuary became near-depleted after 80 days of closure. This 
was indicative of the significant removal of water column nutrients (Taljaard et al., 2009a). 
Although the DIN and DIP concentrations recorded during the sampling period April 2010-April 
2011 were low in comparison to historical concentrations, they were not near-depleted, 
considering that the mouth of the Great Brak Estuary was already closed for a duration of 291 
days prior to the study period. According to Taljaard et al., (2009a) many South African systems 
lack the sediment organic matter stocks required to support large-scale water column primary 
production through benthic-pelagic coupling although it should not always be excluded. 
However, large-scale water column primary production is a possibility in anthropogenically 
enriched estuaries (Taljaard et al., 2009a). Due to human activities dominating the banks of 
some estuaries, nutrients are now also derived from sewage outfalls, fertilizer run-off, industrial 
and agricultural effluents, and leaching of nitrogen and phosphorous from cleared land (De 
Villiers and Thiart, 2007; Elsdon et al., 2009). According to Viaroli et al., (2008), excess 
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nutrients induce the shift between two alternate states by favouring the rapid growth and/or 
colonisation ability of macroalgae to exclude submerged macrophytes. This response is also 
similar to that found in the Hopkins and Curdies Estuaries in southwest Victoria and the Peel-
Harvey systems in Western Australia where nuisance macroalgal blooms also occur in 
response to nutrient enrichment of their estuarine waters (Barton and Sherwood, 2004). 
Additionally, in the current study, macroalgae Caulacanthus ustulatus, Cladophora glomerata, 
Codium tenue, Colpomenia sinuosa and Ulva intestinalis were dominant in the Great Brak 
Estuary in July to September 2010, December 2010-Jaunuary 2011 and during the month April 
2011. Orfanidis et al., (2001) showed that the replacement of late-successional, perennial 
macroalgae or submerged macrophytes by opportunistic species is a reliable signal of 
eutrophication. The genera Cladophora, Codium, Colpomenia and Ulva are regarded as 
opportunistic macroalgae species and thus emphasize the shift of the Great Brak Estuary to a 
degraded state (Orfanidis et al., 2003).   
The hypothesis that macroalgal cover will be highest during closed mouth conditions, when the 
temperature is greater than 20 oC, was partially accepted. Macroalgal cover increased and 
reached its peak in August 2010, in response to water clarity and high DIP concentrations. 
Contrary to other studies, the cover of the macroalgae in the Great Brak Estuary was highest 
when temperatures were low. This winter macroalgal bloom is possibly associated with the 
closed mouth state of the Great Brak Estuary and high nutrient concentrations.  The Great Brak 
Estuary was artificially breached in February 2011, but the mouth closed soon after. During the 
breaching event, macroalgae were either flushed out of the estuary or displaced on the banks 
and mudflats of the estuary; however, the calm, sheltered conditions that followed favoured 
macroalgal growth.  
Phytoplankton biomass increased when there was low cover abundance of the macroalgae and 
was significantly negatively correlated (R = - 0.34, p < 0.05) with total macroalgae cover and 
water clarity (R = - 0.69, p < 0.05). Remineralisation/nitrification associated with macrophyte 
litter can provide a significant source of nitrate and nitrite (a component of DIN) as in the case of 
the extensive Zostera beds within the lower reaches of the Keurbooms estuary. Evidently, the 
diversity of vegetation types (i.e. macroalgae, submerged macrophytes, reeds and sedges, 
Saltmarsh and mangroves) in southern African estuaries plays an important role in nutrient 
cycling and transformation. Therefore, intertidal areas can either act as sinks or sources of 
nutrients, depending on the dominant vegetation (Taljaard et al., 2009a). During the study April 
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2010-April 2011, phytoplankton biomass peaked in May 2010 and June 2010 as macroalgal 
cover within the estuary was still low. Macroalgal cover reached its peaked in August (34 %), 
followed by a decrease in cover from August to October 2010. As a result, the nutrients 
remineralised during macroalgal decay possibly triggered the phytoplankton bloom (Kinney and 
Roman, 1998) in November 2010. A similar response was recorded in Bash Harbor Marsh 
(USA) and Venice lagoon (Italy) where phytoplankton blooms were only observed after 
macroalgal decay had released nutrients into the water column (Kinney and Roman, 1998). 
Evidently, macroalgae in the Great Brak Estuary function both as a sink and a source of 
nutrients (Kramer and Fong, 2001) as nutrient concentrations are not only associated with the 
nutrient load but also with other biological and chemical processes (Cloern, 2001; Orfanidis et 
al., 2001; Snow and Taljaard, 2007; Taljaard et al., 2009a). When the macroalgae were 
removed from the water column due to artificial breaching in February 2011, phytoplankton was 
once again able to proliferate. The results from this study showed a clear competitive 
relationship between the phytoplankton and macroalgae in the Great Brak Estuary. Both 
phytoplankton and macroalgae are effective indicators of water quality degradation associated 
with eutrophication (Bricker et al., 2008). 
 
5.3 Response of macroalgae and salt marsh in the lower reaches of the estuary. 
Salt marsh plants occur in distinct zones along tidal inundation and salinity gradients (Adams et 
al. 1999; Adams and Ngesi, 2002). In each of these zones, recognized by colour and different 
plants types, the salt marsh plants reach their maximum abundance at different elevations 
(Adams and Ngesi, 2002).The upper intertidal salt marsh occurs at elevations between 1.25 
and 1.5 m above Mean Sea Level (MSL) and consists of a mixed zone of Sarcocornia 
decumbans, Limonium scabrum and Bassia diffusa. Sarcocornia perennis and Triglochin 
bulbosa are dominant between 0.75 and 1.25 m MSL and in the middle reaches of the estuary, 
Sarcocornia pillansii is the dominant supratidal salt marsh species. Also, Zostera capensis 
occurs in the Great Brak Estuary but Spartina maritima is absent (Adams and Ngesi, 2002; 
Adams, 2008).  The latter species only occurs in permanently open estuaries.  In the lower 
reaches of the estuary, however, a rapid spread of an invasive in the intertidal marsh has 
occurred. This invasive was identified as Spartina alterniflora which is a grass that possess salt 
glands originating from the Atlantic and gulf coast of North America (Riddin and Adams, 2008). 
Changes in elevation and duration of inundation can alter the zonation patterns of salt marsh 
plants (Adams and Ngesi, 2002).   In 1989 and 1992 the mouth closure of the Great Brak 
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estuary led to an increase in water level for longer than 2 months which resulted in the dieback 
of Sarcocornia natalensis (Adams, 2008). 
In 2001, the assessment of the health of the salt marsh plants indicated that the vegetation was 
in a healthy state. The concluding remarks stated that open-mouth conditions should be 
maintained as much as possible and that the water level should never exceed 1.3 m for more 
that 4 months as this will result in die back. This is especially important during spring and 
summer as high water levels will prevent the plants from producing flowers and seed that is a 
key stage in their life cycle (Adams and Ngesi, 2002).  However, on the 7th of July 2009 the 
mouth of the Great Brak Estuary closed and remained closed for two consecutive growing 
seasons (CSIR, 2010) before it was artificially breached, for the first time in over a year, on the 
1 February 2011 (CSIR, 2011). The water level fluctuated between 0.9 and 1.4 MSL during the 
study period April 2010-April 2011. In November 2010, after some rainfall within the catchment 
during October 2010 the water level increased from 1.2 to 1.4 MSL and remained high 
throughout December 2010 to January 2011 until the artificial breaching of the mouth resulted 
in the decrease of the water level to 1.1 MSL. Only the salt marsh macrophyte species 
Sarcocornia decumbens and Sporobolus virginicus showed a significant difference in cover 
between months.  
Sarcocornia decumbens cover increased from April 2010 to August 2010. This increase in 
cover was associated with a decrease in DIP concentration. Generally salt marshes depend on 
recycled nutrient rather than those nutrients delivered by freshwater (Schelske and Odum, 
1961) though most of the nutrients deposited on the salt marshes originate from muddy 
sediment and silt delivered by rivers. Studies on the nutrient requirements in the sediment of 
salt marsh plants have shown that ammonia or nitrate nitrogen is the limiting nutrient during 
periods of rapid growth provided there is an adequate supply of phosphate (Day, 1981).  
The decrease in S. decumbens cover in the Great Brak Estuary from August 2010-February 
2011 was associated with the dead macroalgae during the study period.  The Great Brak 
Estuary was artificially breached in February 2011 resulting in the macroalgae present in the 
estuary being either flushed out of the estuary or displaced on the banks and mudflats of the 
estuary. Consequently S. decumbens decreased in February 2010 as a result of the shading of 
the dead macroalgae which was deposited onto the salt marsh macrophytes during the artificial 
breaching of the mouth. This has been shown to occur in other estuaries. Thick algal mats lifted 
from the marsh soil and dropped onto the marsh vegetation during a tidal surge in the Nueces 
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Marsh located on the south Texas coast of the USA and resulted in a loss of plant cover 
because the algal mats shaded the emergent plants and reduced air flow creating stagnant 
conditions (Alexander and Dunton, 2002).  
The cover of S. virginicus decreased from August 2010 to February 2011 and was associated 
with a decrease in DIN concentrations and salinity during the study period. The primary 
determinant of macrophyte species composition is changes in salinity (Riddin and Adams, 
2008). Sediment salinity that controls the vertical and horizontal distribution of salt marsh plants 
is influenced by multiple factors such as groundwater seepage, run-off, evaporation and tidal 
exchange. Therefore salinity can fluctuate extensively (Kadereit et al., 2007). When salinity 
increases, salt marsh growth is affected negatively (O„Callaghan, 1992; Adams and Ngesi, 
2002). Generally S. virginicus will grow optimally in salinity ranging between 1 to 13 ppt. 
However, studies have shown that S. virginicus has been found to grow in salinity levels of 28 
to 34 ppt (Breen et al., 1977; Marcum and Murdoch, 1992; Naidoo and Naidoo, 1998; Naidoo 
and Naidoo, 2000; Muir, 2000). The salinity in the Great Brak Estuary fluctuated between 18-32 
ppt for April 2010-April 2011.  
It has been observed that both halophytic dicotyledons and monocotyledons are dependent on 
nitrogen in order to grow optimally under saline conditions because it is associated with 
production of quaternary ammonium compounds and free amino acids that are assumed to 
contribute to osmotic adjustment and act as nitrogen sinks (Bell and O‟Leary, 2003). However, 
ammonia or nitrate nitrogen is the limiting nutrient during periods of rapid growth (Day, 1981). 
Therefore, the decrease in the S. virginicus cover from August 2010 to February 2011 and was 
related to low DIN concentrations and salinity during the sampling period April 2010-April 2011.  
The hypothesis that “salt marsh will die-back after three months of inundation in response to a 
high water level (> 1.3 m); once exposed again, salt marsh cover will recover within the same 
time period (three months)” could not be tested as the salt marsh was not inundated for more 
than three months during the study. The salt marsh die-back during this study was related to the 
dead macroalgae smothering the plants and low nutrient and salinity levels rather than 
inundation.  
This section compares the salt marsh as sampled in this study with historical data, and 
discusses the management implications in the context of current and previous research. The 
cover abundance of the salt marsh species along Transect A was positively correlated with the 
number of open mouth days during spring/summer from 1989 to 2011. The number of open 
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mouth days maintained during this critical period has fluctuated extensively from 1989 to 2010. 
According to the Adams and Ngesi (2002), the mouth of the estuary needs to be open for a total 
of 242 days during spring/summer to sustain the intertidal marsh. However, on only two 
occasions i.e. 1994 and 2006 did the mouth of the estuary remain open for the prescribed 242 
days during spring/summer. Salt marshes in temporarily open/closed estuaries are variable 
environments subjected to extreme changes (mainly salinity and water level) that occur rapidly 
and at unpredictable rates (Van Niekerk et al., 2008;  Elsey-Quirk et al., 2009; Riddin and 
Adams, 2009; Blackwell et al., 2010). The diversion of water for agriculture and other uses has 
altered the amount or timing of freshwater flow to many estuaries often resulting in marked 
changes in the physical, chemical and biological conditions and functions of the estuarine 
ecosystem (Kimmer, 2002; Richter et al., 2003). This in turn affects the mouth dynamics of 
TOCEs, by increasing the frequency and duration of mouth closure and can result in either a 
decrease or increase in water levels with serious repercussions for the stability of emergent 
macrophyte communities and the functioning of the estuary (Riddin and Adams, 2008). 
Inundation impacts on salt marsh macrophytes through inhibiting leaf growth, stem extension 
and photosynthesis or promote growth extension, increase senescence and reduce plant 
productivity (Jackson and Drew, 1984).  
However, the successful recovery of the macrophytes following disturbance depends on the 
seed dispersal and germination environment mainly because salt marshes have a temporary or 
minimal seed bank (Elsey-Quirk et al., 2009). The recruitment of salt marsh vegetation from 
seed banks in coastal marshes are changed by water level and salinity (Baldwin and 
Mendelssohn, 1998) because high water level reduces plant growth whereas  seed germination 
and initial seedling growth can be reduced by high salt concentrations (Zedler et al., 2003). 
Growth from natural seed reserves becomes more important as habitat disturbance increases 
(Casanova and Brock, 1996; Combroux and Bornette, 2004). The salt marsh macrophytes are 
not entirely successful in recovering from disturbances in the Great Brak Estuary. The mouth of 
the Great Brak Estuary is artificially breached during spring and summer in order to allow 
maximum fish recruitment and to stimulate salt marsh germination and growth (James and 
Harrison, 2008; DWA 2009). Studies have shown that the inundation of the salt marsh 
macrophyte Sarcocornia tegetaria during the growing season namely spring and summer is 
detrimental (Adams and Bate, 1994c). Seedling survival and plant growth can also be affected 
by the fluctuating water level as well as the frequency and intensity of the disturbance (Sand-
Jensen and Madsen, 1992; Froend and McComb, 1994; Rea and Ganf, 1994). In 2008 
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Sarcocornia decumbens responded to prolonged inundation by a decrease in cover. A study 
conducted by Vromans (2010) indicated that mouth condition significantly influenced the 
macrophyte phenology. Therefore it was suggested that management should ensure that the 
intertidal and supratidal habitats are not inundated during peak flowering and seed production 
periods i.e. late spring to early autumn (Vromans, 2010). Rowe (2011) found that the average 
density of seeds of the salt marsh in the Great Brak Estuary was low (1132 seeds mˉ2). The low 
salt marsh seed density suggested that growth of the salt marsh in the Great Brak Estuary is 
vegetative. The decrease of the cover of the salt marsh species along Transect A could thus be 
related to the closed mouth conditions and high water level during the growing season. 
The cover abundance of R.cirrhosa and Z. capensis was significantly different along Transect A 
and Transect B. R. cirrhosa was more abundant along Transect A whereas Z. capensis cover 
was higher along Transect B from 1989 to 2011. This is related to a sheltered backwater creek 
that provides ideal habitat for R. cirrhosa in Transect A and thus enables it to thrive there 
whereas the greater tidal effect during the open mouth condition at Transect B favours the 
growth of Z. capensis (Adams and Ngesi, 2002). Ruppia spp. have thin stems lacking 
supportive tissue and their rooted parts are poorly developed. Consequently, these submerged 
macrophyte species are restricted to sheltered habitats. For example Ruppia spp. were found to 
dominate the submerged macrophyte communities in the periodically closed Kabeljous and 
Seekoei estuaries, because of the low salinity and the reduced water velocity (Adams et al., 
1992). Therefore, Z. capensis has a competitive advantage over Ruppia in estuaries where 
there is tidal exchange and stronger currents, because of its morphological structure and ability 
to tolerate daily periods of exposure (Adams et al., 1999).  
 
5.4 Conclusion 
The Great Brak Estuary is an important system for biodiversity conservation as it supports 
intertidal habitats such as salt marsh and Zostera capensis beds particularly when the mouth is 
open (Wortmann et al., 1998; DWAF, 2008a) and is ranked 47 out of 258 South African 
estuaries (Turpie and Clark, 2007). The estuary received a high score for size, habitat diversity 
and biodiversity importance. The most significant change recorded during the period April 2010-
April 2011 was the change in mouth state i.e. prolonged closed condition  that influenced the 
response of the physico-chemical and biotic (submerged macrophytes; macroalgae and 
phytoplankton) variables. Mouth closure together with nutrient inputs resulted in the change 
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from submerged macrophytes to that of either microalgae or macroalgae Due to the shift 
between alternate stable states from rooted submerged macrophytes to macroalgal or 
phytoplankton communities indicative of eutrophication, results of the current study showed that 
the health of the Great Brak Estuary was in a poor state. 
The information on which management decisions are based is obtained through collecting 
quantitative and qualitative data on a regular basis on key elements and processes. The results 
from this study will enhance decisions relating to the management of the Great Brak Estuary.  
Results were presented in December 2010 and 2011 to the Great Brak Environmental 
Management Committee.  Indicators are central to the process of monitoring because they 
represent quantifiable tools used to collect and focus information (McGwynne and Adams, 
2004).  
This study showed that both the microalgae and the macroalgae are valuable indicators of the 
nutrient status of the Great Brak Estuary during prolonged closed mouth state and should be 
incorporated into future monitoring programmes. Five major point sources were identified along 
the length of the estuary that contributed significantly to the nutrient load into the estuary. The 
die-back of the salt marsh macrophytes was related to nutrients, salinity and smothering by 
dead macroalgae deposited on the mud banks during the artificial breaching of the mouth. It is 
recommended that the long-term monitoring of the health of the salt marsh along Transects A, 
B and C continue. However macroalgal blooms only occur along Transect B (Transect 3).  Most 
of the macroalgal blooms are located around the island and therefore three additional transects 
(Transects 1, 2, and 4, Figure 3.4) should be incorporated into the monitoring plan to assess the 
state of the macroalgae. These blooms indicate eutrophic conditions and therefore it is 
important that an annual assessment during the closed mouth winter state is made before water 
is released from the Wolwedans dam in spring / summer which will flush the estuary and 
remove these blooms.   
The health status of the Great Brak Estuary was clearly overestimated previously on account of 
only the physico-chemical variables being measured. Evidently there exists a gap between the 
understanding generated by current monitoring procedures and those employing microalgal and 
macroalgal indicators. Therefore this study contributed scientifically to our knowledge of the 
Great Brak Estuary which will contribute to a better understanding of the health of this estuary in 
future. Globally similar systems (Hopkins and Curdies Estuaries in southwest Victoria, 
Gippsland lakes in eastern Victoria and the Pearl-Harvey systems in Western Australia, Deeley 
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and Paling, 1999;  Barton and Sherwood, 2004 and Vassova lagoon in Greece, Orfanidis et al., 
2005; Mhlanga Estuary in  South Africa, Lawrie et al., 2010; The Gulf of Kalloni in Greece, 
Spatharis et al., 2007 and Lake Ellesmere in  New Zealand, Schallenberg et al., 2010) have 
also presented with a similar response  to nutrient enrichment. Therefore, the use of micro- and 
macroalgae as indicators of estuarine health will not only be beneficial for the management of 
the Great Brak Estuary but also for those TOCEs experiencing prolonged periods of mouth 
closure due to reduced river flow and/or increased nutrient input.  
Nutrient management strategies need to be considered as climate change will change 
precipitation patterns in many areas (Jickells, 2005) resulting in TOCEs closing more frequently 
and remaining closed for longer periods of time. The Great Brak Estuary falls within the summer 
rainfall region. Therefore, climate change will result in an increase in rainfall with corresponding 
increase in the runoff into the estuary i.e. nutrient load. However, mouth closure in the Great 
Brak Estuary will increase as a result of increased abstraction from the Wolwedans Dam (L. 
Van Niekerk, pers.comm., 2011). Management measures should consider prevention of the  
degradation of rooted submerged macrophyte communities which could impact negatively on 
the associated fauna such as invertebrates, fish and bird populations that are dependent on it 
for food, shelter and breeding habitats (De Villiers and Thiart, 2007, Riddin and Adams, 2010).   
Ultimately the largest changes in the health of the estuary have occurred between reference 
(natural) and present day conditions.  A comparison of the present ecological status and the 
reference condition (the estuary‟s ecological status 50 to 100 years ago) determined by means 
of the estuarine health index (DWAF, 2004) indicates that the present ecological status of the 
Great Brak Estuary is 58 translating into a D (largely modified) which is a result of the reduced 
river flow and accumulation of organic inputs (DWAF, 2008a). The health of the Great Brak 
Estuary will only improve once the ecological flow requirement is met and the various mitigation 
actions are applied as determined by the Ecological Water Requirement Study. Establishment 
of an Estuary Management Plan and forum will also allow for further co-ordination and 
implementation of management actions related to the Great Brak Estuary.   
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6. APPENDICES 
Appendix 1: Monthly significant differences of the physico-chemical variables in the 
lower reaches of the estuary. 
Salinity Salinity was significantly different between months (p < 0.05, n= 52), 
highest salinity was recorded in May 2010 (34 ppt, p< 0.05) and lowest in 
October 2010 (15 ppt, p <0.05).   
Water clarity The Secchi disc readings were significantly different between months (p < 
0.05, n = 52). Secchi disc readings for April 2010, May 2010, July 2010, 
August 2010, December 2010, January 2011, March 2011 and April 2011 
were statistically similar and significantly higher (100%, p < 0.05 whereas 
the Secchi disc readings for October and November was significantly 
lower compared to all the other months (37.5 % and 50 %, p < 0.05).  
Water 
temperature 
Water temperature was significantly higher in summer, January 2011 and 
February 2011 (25.1 oC and 25.7 oC, p <0.05, n = 52) compared with all 
the other months.  The water temperature in June 2010, July 2010 and 
April 2011 was significantly lower (13.1oC, 13.7 oC and 12.8 oC, p < 0.05) 
compared to all the other months. 
Dissolved 
oxygen 
Dissolved oxygen was significantly higher in June, July, August and 
September 2010 (9.6, 9.1, 9.2 and 8.5 mg l-1, p < 0.05) and significantly 
lower in April 2010 and February 2011 (4.3 and 5 mg l-1, p < 0.05).  
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Nutrients  
Dissolved 
inorganic 
nitrogen 
concentrations 
 
Dissolved inorganic nitrogen (DIN) concentrations were significantly 
different between months (p < 0.05, n= 53). Concentrations in April 2010, 
June 2010 and January 2011 were significantly higher (20, 23.7 and 21.8 
µM, p < 0.05) compared to all the other months. Dissolved inorganic 
nitrogen for February 2011 was significantly lower (5.7 µM, p < 0.05) 
than April 2010, June 2010 and January 2011. 
 
Dissolved 
inorganic 
phosphorus 
concentrations 
 
Dissolved inorganic phosphorus (DIP) concentrations were significantly 
different between months (p < 0.05, n =52). The DIP concentrations were 
significantly higher in July 2010 (1.4 µM, p < 0.05) whereas the DIP 
concentrations in June 2010 were significantly lower than July 2010 (0.4 
µM, p < 0.05).  
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Appendix 2: Elevation profiles for the three salt marsh transects in the Great Brak 
Estuary. 
 
 
 
 
 
 
 
 
 
Figure 6.1: Elevation profile for salt marsh at Transect A. 
 
 
 
 
 
 
 
 
 
Figure 6.2: Elevation profile for salt marsh at Transect B. 
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Figure 6.3: Elevation profile for salt marsh at Transect C. 
 
 
 
